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CHAPTER XXX. 

ON STANDARD COILS.* 

In all absolute measurements it is necessary to know what are 
called the " constants " of the instruments. 

In measuring currents by galvanometers it is necessary to know 
accurately the number of windings, and the size and position of 
each. In order, then, that the windings may be accurately 
counted, and measured directly, and that small errors of measure- 
ment may not introduce a large percentage error, it is necessary 
that the coil should be large, and should contain only a few layers 
of wire. 

In constructing a sensitive galvanometer it is necessary to 
arrange the coils so as to produce the greatest possible effect on 
the needle, and, therefore, the wires must all be as near to the 
needle as possible, and there must be a great number of them. 

In other words, the coil must be small, and with a great 
number of turns all crowded close together. 

Thus the conditions to be satisfied in making a standard gal- 
vanometer are quite different from those required in making a 
sensitive galvanometer. On this subject Professor Maxwel 
8ay8,t — 

♦ Maxwell's " Electricity," vol. ii. eh. xv. p. 312. 
t Ibid., 707, vol. ii p. 312. 
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^' 111 const met inj^ a Bcnsttive galvanometer we aim at making 
tlie field of electro- magnetic force in which the needle ie sus- 
pended us intense as possible. In designing a standar<I galva- 
nometer we wish to make the fii*li] of el e<;tro- magnetic force near 
the magnet as uniform as possihle, and to know its exact intensity 
ill terms nf the strentrth of the current/' 

On account of this ditference the constants of sensitive galva* 
nometers are not determined by dia*ct measurement^ but by ele€- 
trical comparison with large standaitl coils* 

To determine the values of the deHections of a sensitive galva 
no meter we proceed as follows :— 

We |>lace it concentric with a standard cotlj and with its eoils 
parallel to the coils of the standard* The latter being large, the 
sensitive galvanometer will go inside it* The plane of the eoils 
is placed in the magnetic meridian* We then send currents, 
who?e ratio is known j in opposite directions through tht* galva- 
nometer and the standard coiL Suppose we make the di recti on 
such that the current in the galvanometer tends to deflect the 
needle, and that in the coil to bring it hack to zero. 

Let ^ ht the deflect ioiij 

C the cnnent in the standard eoil^ 
e the current in the sensitive galvanometer^ 
H the earth's horizontal force at that time and place^ 
£ Im the magnetic moment of the needle. 

Also let r Ije the couple of the coil with a unit current on u 
needle of unit moment. 7 hen, if we are experimenting with 
the large coil only, and the sensitive galvanometer be removetl, 
r will be the number by which H tan must be divided to 
obtain the true strength of the current; and as the ring i:J 

large, this number will he equal to times the number of 

windings. 

Let 7 be the corresponding quantity for the sensitive galva- 
nometer, 

'11 1 is will not in ' general be proportional to the number of 
windings, and a cannot be measured directly. 
Let the sensitive galvanometer be replaced. 
Tlie couples acting on half the needle now are — 

Tending to deflect it as long as the direction is very Bmall, 
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Tending to bring it to zero, 

C r cos d . / M mod H sin hArtu 
When the needle is in equilibrium we have 

Croosd-fUein5~C70t€S = 0, 
or dividing by cos S 

C r — <? y = H tan d. 
r» 

If we vary the ratio - till S = 0, that is^ till the needle comes 
to zero, we have ^ 




The ratio of C to c is found without knowing either C or by 
dividing the same current into two circuits, and interposing resis- 
tances B and r in C and e respectively. Then if 6 is the 
resistance of the standard coil and g that of the small galvano- 
meter, we have 

5= 

e B + G 

and so 7 is known. 

For further information about the comparison of coils, the 
reader is referred to Maxweirs " Electricity," vol. ii. ch. xvii. 

EI.ECTBO-D YNAMOM ETER. 

The great electro- dynamometer of ihe British Association, Plate 
XXYIL, may be taken as a specimen of a standard coil. It is 
at present deposited in the Cavendish Laboratory at Cambridge. 

It consists of two coils placed parallel, and \ a metre apart. 
The mean radius of each is \ metre, and each consists of 15 
layers, each containing 15 turns of insulated wire, wound in a 
rectangular groove. 

In this, if desired, another coil (figs. H9, 150, next page) can be 
suspended at A when it is required to examine the action of two 
currents on each other ; or, the suspended coil being removed, 
a galvanometer or helix can be placed within the fixed coil for 
purposes of comparison. 

Fig. 151 shows the bifilar suspension. 

" The equality of the tension of the suspension wires is ensured 
by their being attached to the extremities of a silk thread which 
passes over a wheel, and their distance is regulated by two guide- 
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suspension- wheel, and horizontally in two directions by the 
sliding pieces shown at the bottom of fig. 151. It is adjusted in 
azimuth by means of the torsion screw, which turns the torsion- 
head round a vertical axis. The azimuth of the suspended coil 
is ascertained by observing the reflection of a scale, in the mirror 
shown just beneath the axis of the susi)ended coil."* 

In fig. 150 the suspending wires are not shown. They pass 
up through the V's, and are held into them by the little 
springs^ =J. Their distance apart can be set to any required 
whole number of millims. by means of the scales and arrows. 

The distance apart of the upper ends of the suspending wires 
can be exactly regulated by verniers (not shown) engraved on 
the sliding pieces carrying the guide pulleys in fig. 151. 

The torsion of a bifilar suspension depends on the prodwt of 
the top and bottom distances of the wires, and, therefore, to 
adjust it, it is only necessary to adjust one of those distances. 

• Maxwell* " Electricity," vol. ii. p. 331. 
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APPENDIX TO CHAPTER XXX. 



To DETERMINE THE CONSTANTS OF A HeLIZ. 

Number of Windings. 



In experiments on the magnetic effects of currents, it is sometimes neces- 
sary to use a large lielix of wire in order to obtain a greater effect. 

The action of a helix on a rod passing through it depends on the number 
of windings, and on the strength of the current. 

In order to calculate the effect of any current, it is necessary to know the 
number of windings. 

As the number of windings in a helix of more than one layer cannot be 
counted except at the time of winding, it is important to be able to determine 
it electrically, so as to save the expense of having a helix specially wound. 

This can be done by comparing it with the great dynamometer, the number 
of whose windings is known. 



The following are the details of a determination made in 1877, by the pre- 
sent writer,* of the number of windings in one of the helices of the electio- 
magnet shown in fig. 153, vol. ii. page 13. 



We must firet determine the difference of magnetic potential at the two 
ends of the helix when a unit current passes through it. It is a quantity 
which we call N, and is a function of the number of windings and their 
arrangement ; for if wo know the magnetic intensity at each point of the axis 
of the helix due to a unit current, viz., what force is exerted by a unit current 
in a helix on a unit magnetic pole at that point, then we know how much 
work would have to be done to move this unit pole from one end of the helix 
to the other when a unit current was passing in it. 

But if a, 6 be the ends and v. the force at any point, then the above amount 
of work would be equal to 



Specimen Experiments. 



Determination of the Number of Windings. 




(1) 



where Y is the potential at any point. 



• Phil. Trans., 1877, page 4. 
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Hot tbd dioieikstoiis ot nmgnettc potential are, m the electro* nrngoeiic 

Aiid thene are a1«o the dimensions of the fttrength of ftfi eleetrio current, 

N, whieh IS the rmtio of the former of these things to tha L^tter^ U a 
mmmber^ 

The rdae of N for the helii was determined in the Cavendbh Laboratorj, 
Cun bridge, by compun^ion vrith the great djnamometeT of the British Ambo- 
cmtion, PUte XXVH, toI, ii. pnge 3, 

The inten(»Ttie» of the mai^ietie action were eon) pared at 7 equidbtant 
pciiftts in the Ath of the belli, and tbe total force was obtained hy tul^grating 
bj Weddle*i formula (Boole'* ** Finite Differencen/' p. 47), vli,, 

li J— ;Jj A [/^O H- «1 + W* + «f. 5 + «*) + .* . ^ . (2) 

where I is the dUtance between anj two of the points, and ies the magnetio 
iatensitj at any point in ternut of that of the dynamometer. 

The medianical anangements were aa follows: — the dynamometer wai 
plac^ BO that the plane of the coils waji accurately Tertical and in tbe mag- 
Dctk meridian. 

The axial line of the co\h ivaa then i:are fully found avid marked hj meana 
of plumb^linee and croaj^* threads fixed to the tiible. 

A strong T-ihaped board supported i>n three levelling-screws was placed m 
tha^ the part corresponding to the «tem o^ the T pn^d through the coils in 
m horiEoutal plane paraUel to their axis ; on this the belix was laid and lU 
mils brought into exact eoinctdence with tbut of the coilo. 

A boxwood cylinder about 20 centime, long was tanied to Ht nicely into 
the helix ; a long thick braae wire terminatlui^ in a handle was iixed into 
one end, and a hra^s pin about 5 centimtf. lung was fired near one edge of 
the other. 

To the end of the latter a magnet and mirror weighing only about it grain 
was bung by a eilk fibre, so that when the pin was at the highest point the 
fftagnet hung in the axis of ibe cylinder. The helix being placed coaxial with 
the eoils was pushed endways so that the centre point of the ooib waajiisfc 
outside one end of it. 

The cylinder was then inserted and a*lju,'*ted, by means of ero^s- wires, 
M» that the mirror hung exactly ut the ceture pointy and a mark was then 
made on the handW corresponding to a mark on the stand of the inatrnment. 



• Objections have been taken %a the use of thi^ formula, which gires, it is 
oboenred, tnucb more weight to and Wj than to if, and and does not fur- 
nish any approximation of a legitimate analytical character* White fully 
acknowledging the force of these object ion«s, I hare not thought it worth 
while to make nny alterationi for this reason : the experimenti, being made 
with rr!»i¥tance-4.<oilst are Husceptible of euch close accuracy that the errors ol 
any particular detenniniilioDs evi^n when multiplied by 5, cuiuiot perceptibly 
affMTt the Talue of N deduced. 
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bv reference to which the magnet could always bo brought to the same 
position. 

Thus while the helix was slid along the axi^, the magnet inside it could 
always be placed at the centre point of the dynamometer. The distance 
between the inside ends of the helix was divided into six equal parts by means 
of seven pins stuck as sights into a slip of wood fixed along the top edge. 
Thus by sliding the helix along, till any one of the sights whs between the 
vertical threads placed midway between the coils, the force at that point due 
to the helix could be poinpared with that due to the dynamometer by meaus 
of the needle at the centre. 

The comparison was made by sendins^ currents of different intensities 
through the helix and coils in opposite directions, and varying them till there 
was no action on the needle. 

This was efiected by dividing a current and passing one portion through 
the coils and the other through the helix, and interposing different resistances 
in each branch. 

The annexed di.igram (fig. 152) shows the connections. 




B to tfce MRerr, K and rtho wistarcv c-'ils* 

D. the dynamo meuT c- il*. \ A-.d lot those Iot;or» also repiresent 

H. tho holix. * thc-.r rosisianoo*. 

• the BUMtnot aud mirror. trU . s<» uu^ralar iK>»ition i* obtwrred by 

S. tbe scale and lamp. 

K K'ar« coataot-koy«. 

Now when tho activnis v>n the needle .m*t\|uaU the ** ivwers" of the coil* — 
that i*, tho torc»»s ihoy would respoctivoly e\crv'ij«e with unit current — are in 
Tersely a* the currents in them — thu; is dirwtlv a* tho resistances r + D 
and R + H. 

Th^ observations boinif re^>eatevl at each of the s<»ven p^Mnts, we have tbe 
intensity of tho magnetic action of th« helix at each ofthvx^* i^ iuts in terms 
of that of the dvuawv>me!er. 
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Thu» if P be the "power" of the dynamometer with unit current, and «, 
the "power" of the helix at a point x with the same current, then the dif- 
ference of magnetic potentials at the ends of the helix is for unit current 



where is ^ the length of the helix. 

In the helix used, the following ref ults were obtained : — 

A = 4-39centims.,(H= l-^l- "^' = 1^' 
ID = 2816 „ 281. 

Mean values of with different values of r. — 



(3) 



1 

r. 


tfo. 


«r 


«*. 


Ml. 


t#4. 


«». 




r= 100 


2-724 P* 


4-973 P 


6-667 P 


6 777P 


6-674 P 


4-808 P 


2 724P 


r= 200 


2 762 P 


4 976P 


6 669P 


6 725P 


6 572 P 4 814 P 


2722P 


r = l000 


2 722P 


4962P 


6-681 P 


6-798 P 


6 592 P 


4 639P 


2 723P 


Mean • . 


2 736P 


4-970 P 


6-669 P 


5-766 P 


6-579 P 


4-764 P 


2-723 P 



Specimen observation. 



Hence 



= 100. «, = pI??±i? = 5 777 P 
100 + 1> 



N = / u. rf or = ft 4-39 centims. { 16 707 + 48-620 -|- 34 696] P 

= 131-732 P. 
Now P = 81-1620, 

.-. 131-732 P = 10761-96. 
Now the value of N for any helix with unit current taken with respect to 
the whole length of its axis produced to an infinite length in both directions 
is, by Art 676 of Professor Clerk Maxwell's ** Electricity," 4mn, where n is the 
number of windings. 

When the length / is finite compared with the radius a, the value of N for 
that part of the axis which is included between the ends is 



XT A ^/Z* + a" — a 
N ac=4irn-i- — ±^ 

(fiee Clerk Maxwells Electricity," Art. 676). 



(5) 



• P is the " power " of the dynamometer. 
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Now if we calculate n = -i , taking a the mean radios, tliia 

will give the number of windings in the helix. 
Now as a = 4*84 centims., and N = 10752, we have 

10762 26 34 

It — . 



' {26-34' + 4-841* — 4-84* 

.• . log n = log 10752 +log 26 31 — los: 4»r — log (/» + a«)» — a 

{last term = log 21*92 1 
= 40314893 + 1-4206158 — 10991971 — 1-3408405 
= 30120680, 
.•.w= 102815, 

.'. there aie 1028 windings on the helix. 

Vkhification. 

Now in the length of the helix there are 91 windings on the outside layer, 
and the ratio of the length to the difference of the internal and external radii is 

1^^ = 7-5 about. 

.-. assuming that the number of layers per centim. of radius is the same as 
the number of windings per centim. of length (it would really be a little 
greater, as they fit into each other, ^^), we have 



1= |91x|Ii]=1092, 



which is sufficiently near the calculated result, viz. n = 1028, to show that 
no large mistake has been made, as, for instance, writing down a log, with a 
wrong index. 

Closer agreement could harJly be expected, as the helix was made for a 
different purpose, and no particular pains were taken to wind it uniforml}'. It 
is also probable that the instrument-maker took more pains to wind the wires 
of the outside layer, which could be seen, close together than those of the in- 
side ones, which were hidden. 

Sum of Abeas 

In order to measure the magnetic effect of a given current at any point out* 
side the helix, it is necessary to know the sum of the areas of all the windings 
of the helix. 

Let us call this quantity 2(A) for the helix, and 2(A)' for the dynamo- 
meter. 

2(A)' is known by measurement, and is equal to 870200 sq. centims. 

To determine 2(A) the helix and dynamometer were placed exactly con- 
centric. A magnet and mirror was suspended rather more than a metre 
distant from them, first in front and then behind, so as to correct any error 
in centering ; and varying currents, C, C, were sent opposite ways till there 
was no deflection. 

At this distance the helix and the dynamometer could each be considered 
to be replaced by their equivalent magnetic discs, and the diflerence between 
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r and ri, the respectiye distinces from the centres of their ends to the magnet, 
rnnj be neglected in comparison with those quantities themselves. 
The formula for 2(A) then becomes 

S(A)=^S(A)'. 
Where there was no action on the suspended magnet, it was found that 

which gives S(A) = 77488*8 sq. centims * 

Another determination, with a different dynamometer, gave 2(A)=77417.2 
•q. oentim8.t 

CaLCULATIOV of THB 8TBEN6TH C OF A CVBRBlTr IX THE HeLIX IN 
TEEMS OF THB DBFLECTIOjl h OF THB SUSPENDED MaONBT. 

When the sum of the areas is known, the helix will act as its own galvano- 
meter — that is, the strength of a current in it can be calculated from the 
deflection of a magnet outside it. 

The helix must be placed mimetic East and West, and the magnet sus- 
pended so that it hangs in the plane passing through the centre of the 
helix.: 

It can then be shown mathematically that if r be the distance from the 
magnet to the centre of one end of the helix, 2Z, the lenf^th of the suspended 
magnet, m the strength of its pole, and H the horizontal component of the 
earth's magnetism, we hhall have 

Hwl tan a = 2(A) ^-'c 



or 



which gives 



* This measurement was made by Prof. Clerk Maxwell, 
t This measurement was made by the Author. 
J Phil. Trans., 1877. pages 12 and 16. 
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CHAFIER XXXI. 

ELBCTBO-MAONETS — DIAMAONETISM AND MAONE-CRYSTALUC 
ACTION. 

If an insulated wire be wound round a bar of iron or steely and 
an electric current be sent round the wire, the core becomes 
a magnet with its marked end in the position in which the 
marked end of a permanent magnet would come to rest, if it 
were placed, free to turn, inside the helix instead of the iron 
core. When the core is of soft iron it becomes magnetized 
on the puHsage of the current, and loses its magnetism when 
the current ceaseH. When the bar is of steel, it resists the as- 
sumjition of the magnetic state, but, when magnetized, retains 
its magnetiHm for an indefmitc time after the cessation of the 
current. 

The jiroperty of soft iron is taken advantage of in the 
construction of electro-magnets,^' by means of which far greater 
magnetic forces than are given by any steel magnets are obtained, 
with the additional advantage that they are under perfect control, 
for within certain limits the strength of the temporary iron- 
magnet is proportional to the strength of the current in the wire. 

Electro-magnets are frequently made in the horse-shoe form, 
and when in this shape usually consist of two parallel pillars of 
soft iron, connected at one end by a massive cross-bar of the same 
metal. The wires are wound on hollow brass reels, which can be 
lifted on and off the iron pillars. 

A magnet in the possession of the author consists of a " horse- 
shoe,'' fig 153, whose pillars are each 13 inches long and 2J 
inches diameter; the helices, which are 12 inches long and 5 
inches external diameter, each contain about 1000 turns of insu- 
lated copper wire of about No. 18 gauge. The helices weigh 
about 35 lbs. each. Such a magnet, if fixed with its poles down- 
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wajd, and excited by a powerful current, would probably carry a 
weight of from one to tliree tons attached to the armatim* 
Mfi|n*els of this size, however, are used for a tlHferetit purpose. 
Their loagaetic action is bo intense that it afFocts almost all kaowii 

ft 



1 

I 




Fig. 163. 



substanee^j iQ addition to those few commonly known as mat^- 
netic. The aeiion on most flubstanoes is too feebk for the 
attmction or repulsion to he observed directly. 

To observe the action, say, on a piece of glass, the mognet 
is placed with its pillars vertical and the cross bar at the bottom. 
25 
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The free poles then project up a bout an iueh above the lalioef. 
Two bWkiis of sofit iron, which are ealletl ihe movable poles, are 
placed upon tla* tops of the pillars. A ht^tly pliieed between 
these blocks in practieally b<?tween two horizontal poles* 

By sliding the blocks, the honzoDtal poles can be either 
appi uached close to each otiier or separated t» a distance of some 
five inches. One end of each block is flat^ 8o as to gh'e 
the pole a Ycrtieal plane iiice about two inches square ; the other 
ends are tapered to a blunt point. Either tlie Hat or pointed 
ends can be turned towards eaeh otlier* A body placed between 
the two pointed poles is subjected to mon^ intense forces, M^ule 
one placed between the flat poles is in a more uniform Held of 
force; the action of the points being to coneentrute the mag- 
netic action in one place. 

In order to measure the magnetic actions of those bodies 
which are very feebly affected by the magnet, the torsion balance 
isusedj bein^^ a modiiieation of the Coloinb's Balance described 
in Part I.* A homogeneous body l>eing suspended between the 
poles by the torsion fibre will, if it is attracted, take up its 
pofsition with its lon^rest diameter pointini^ from pole to l>ole; 
and if it is repelled, its longest diameter pointing across the line 
joiniuff the poler^. 

DfJimUon. — Tke line Jominj f^e poles k called ike asial line; 
the line at right angles to it^ the equatoriuL 

The amount of the attraction or repulsion can be measured b^ 
the number of degrees of torsion required to displace the 
suspended body a given number of degrees from its position of 
rest, 

Sefinii'ion, — Irm ami iimilar totUee wkkh are adracted &^ Ike 
im^nei are called Fer to-magnetic ^ or sometimes Paramagnetic 
imiies, Sni^stmces which are repelled are called Uiamagnretii:, 

The type of diamagnetic hjdies is hismutli, which is repelled 
from u powerful magnet with considerable force. A small 
sphere J inch in diameter hung by a thread, Biiy^ two fk-t long, 
between the pointed poles of a powerful magnet, may be repelled 
so as to move it na much as a quarter of an inch out of the 
vertical. 

The phenomena of diamagnetisra were fii-st observetl by 
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Faradajj* on a piece of the lienvy glass which lie had previously 
-^d for the expcri meats on the rotation of the plane of polari- 
sattoti^ which will be described in Part IV* of this Ixwlc, The 
papvr containing' the account of the discovery of d la magnet- 
issm was read before the Royal Si>cietyj Dec, 18j 1845, and will be 
fotijid in thf VhtL Tmm. 1840jand in the Erperimeuinl Rc- 
st archer {t'iV^). 

In these first experiments a rod of heavy glass was suspended 
b*.*tween the poles of the great horse-shoe mag^net of the Hoyal 
InslitutJon, It was found that the bar always placed itself 
equator ially, that at ri^ht angles to tlie line joining the poles, 
iUid that it was in stable equilibrium in that position. There was 
also another po:§ition of it?&t when the leno^tli of the bar was 
exactly axial ; but in this case the equilibrium was unstable, and 
on the least displacement the bar moved to the equatorial 
position. 

No difference could be detected between the ends of the bar ; 
the direction in which either end pointed when in stable equi- 
librium depended solely on the direction in which it was dis- 
placed from the position of unstable equilibrium, thus showing 
that no permanent polarityj analogous to the polarity of a steel 
magnet. J is acquired by the glass* 

Faraday continued his experiments on a great number of 
substances, among which phosphorus showed the effect *^as 
powerfully as heavy glassj if not more so." He also expert- 
men ted on n great number of liquids. The liquids were contained 
in a very thin glass tube, of the shape shown in fig* 154, 




The action of the glass tube itself had of course to be allowed 
for, but, by making the tube of very thin flint glass^ its action 
could be miide very email, and, by alternate experiments with it 

* *'I»Kil3iled oWrvBtioTj» by Uruf^ipai)^, Becqqerei, L« BaUlif, Snijry, ind 
Ijerbeck Uud iudifotctl ihe exinteiico of a repubive force eiercistd lij the 
j»«gti«t oij two or Ibree i»ubstiinoea» hut thete oWrvrttlon* whicb weiia uii known 
to FAradiij had Wu penhitted to remain wiih«}ut e^ti^Dfiiiiii or exHiuint^tiotu'' 
Tyndidb ** FartLdi^y ais a Di&caverer/' 110. 
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full and empty, the proper action of the liquid could be easily 
determined. The shape of the tube obviated the necessity of 
closing it — an important consideration, as cork, sealing-wax, and 
other substances are generally magnetic unless special care has 
been taken to prepare them free from iron. 

The following is a list of substances which Faraday found to 
be diamagnetic : — 



Rock crystal. 


Alcohol. 


Sulphate of lime. 


Ether. 


Sulphate of baryta. 


Nitric acid. 


Sulphate of soda. 


Sulphuric acid. 


Sulphate of pota8i«a. 


Muriatic acid. 


Sulphate of magnesia. 


Solutions of various alkaline and 


Alum. 


earthy salts. 


Muriate of ammonia. 


Glass. 


Chloride of lead. 


Litharge. 


Chloride of sodium. 


White arsenic. 


Nitrate of potassa. 


Iodine. 


Nitrate of lead. 


Phosphorous. 


Carbonate of soda. 


Sulphur. 


Iceland spar. 


Hesin. 


Acetate of lead. 


Spermaceti. 


Tartrate of potash and antimony. 


Caffeine. 


Tartrate of potash and soda. 


Cinchona. 


Tartaric acid. 


Margaric acid. 


Citric acid. 


Wax from shellaa 


Olive oil. 


Sealing wax. 


Oil of turpentine. 


Mutton, dried. 


Jet. 


Beef, fresh. 


Caoutchouc. 


Beef, dried. 


Sugar. 


Blood, fresh. 


Starch. 


Blood, dried. 


Gum arabic. 


Leather. 


Wood. 


Apple. 


Ivory. 


Bread. 


Water. 




Among metals Faraday found- 




Antimony, 


Lead, 


Bismuth, 


Mercury, 


Cadmium, 


Silver, 


Copper, 


Tin, 


Gold,. 


Zinc, 


to be diamagnetic. 




Iron, nickel, and cobalt were 


certainly paramagnetic, while 


platinum, palladium, and titanium showed paramagnetic effects. 
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bat 80 feeblj that he could not be certain whether they were not 
due to the accidental presence of iron^ nickel^ or cobalt. 

Generally speaking, the distinction between para- and dia- 
magnetic substances is this: — Paramagnetics tend to move 
from weak to strong places of force, while diaraagnetics tend to 
go from strong to weak places. Faraday found that almost all 
compounds of paramagnetic metals were themselves paramag- 
netic. Blood and yellow ferro-cyanide of potassium are, however, 
exceptions, as they both contain iron and are diamagnetic. 

From some later experiments he deduced the following list, at 
one end of which is iron, the strongest paramagnetic ; at the 
other, bismuth, the strongest diamagnetic. Metals nearest the 
neutral point have the least action either way : — 

Magnetic* Diamagnetic, 



Iron. 


Bismuth. 


Nickel 


Antimony. 


Cobalt 


Zinc. 


Manganese. 


Cadmium. 


Chromium. 


Sodium. 


Cerium. 


Mercury. 


Titanium. 


Lead. 


Palladium. 


Silver. 


Platinum. 


Copper. 


Osmium. 


Gold. 




Arsenic. 




Uranium. 




Rhodium. 




Iridium. 




Tungsten. 











It must be remembered that the diamagnetism of bismuth is 
very much smaller than the magnetism of iron. 

The strength of the pole of an electro-magnet having an iron 
core may be as much as from 82 to 45 times the magnetizing 
force, while with a bismuth core it would only be about 

— _L_ of it. 

4fUO,000 

Diamagnetic PoLAum. 

As soon as the facts of diamagnetism were established, the 
question arose — Are the effects observed due to simple repulsion, 
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or is there a true diamagnetie polarity induced ? — that is. Do 
diamagnetie bodies^ when under the influence of magnetic forces^ 
become temporary magnets^ in the same manner as pieces of soft 
iron under the same circumstances^ only with their poles in the 
opposite directions ? 

While the marked pole of the magnet induces, in a piece of 
soft iron in its neighbourhood, an unmarked pole at the side 
nearest to it and a marked pole at the farther side, we should, 
on the hypothesis of diamagnetie polarity, have, if a piece of 
heavy glass were substituted for the soft iron, a marked pole at 
the side of the heavy glass nearest to the marked pole of the 
inducing magnet, and an unmarked pole at the further side. 
Faraday made many attempts to determine whether or not dia- 
magnetie polarity exists.* His method consisted in placing at 
one end of an electro-magnet an extra helix not connected to the 
battery, but connected to a sensitive galvanometer. In this 
helix he placed bars of bismuth and other diamagnetie substances, 
wiih their ends close to the end of the core of the electro- 
magnet. If the bismuth bar had been thrown into a polar state, 
it should, on being moved suddenly away from the magnet, 
while the magnet was excited, have induced a current in the 
helix surrounding it, and, on being moved back, a current in the 
opposite direction. Faraday connected the bismuth bars to a 
crank worked by a fly-wheel, by which they could be moved 
rapidly backward or forward, while a commutator, driven by the 
same machinery, sent all the currents in the same direction 
through the giilvanonieter. 

He war=, however, unable to obtain any evidence whatever in 
favour of diamagnetie pularity. His apparatus does not 
seem to have been of t'\tiv:ne sensitiveness. In particular, 
the almost impossibility of making the revers;ds of the current 
by the commutator exactly synchR^nize with the reversals of the 
motions of the bismuth cylinder, must have considerably obscured 
any effV?ct which was proiUiced. A commutator was rendered 
necessary owing to the fact that an apparatus with suspended 
coil, like a small dynamometer now useil for measuring alterna- 
ting currents, was not then inventeil. His g:Uvanoineter also, 
though a very sensitive astatic one, could not Iv et>mjnired for 
delicacy to the reflecting instruments since inventixl. The results 
• •* Experimeutml Rwearclic*," 2t>40. 
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oblattied bv FiiraJay with crystals of protnsiilpliate of iron, wlien 
e<*mpared with the rt?sulls g^iven by tbe same snb^Uruco in the 
espmitietittf of Pitifessor Tyiidall (which \^ e are about to Jeicribt*), 
6ihow that the apparatus used by the hitter \va§ about one hundred 
times as sensitive as tbat u^sed liy Faraday, Matte ut-'ci also worked 
at the subji^ctj but without dei-i«ive results. 

In 1861 JI* Verdet published* some experimeuts which caused 
biiii to deeide against the hy pot lies is of diamu^netic polarity. 
His method of e%perimeatinx was as follows — 

Heliees similar to tho&e of an eleetro- magnet were placed upon 
the arms of a large permanent steel magnet of horse-shoe form. 
In front of the poles of the steel magnet a bar of the diamag- 
netic substance was caust^d to revolve rapidly round an axis per- 
pendicular to its length, by means of a multiplying wheeh Ko 
battery was used, but the ends of the helices were connected to a 
delicate galvanometer at a snflicient distance from the magnet to 
be free from its direct iufluence* When a bar of iron was suh* 
stituted for the diamagnetic subst^ince, the steel magnet induced 
in it a magnetic polarity which constantly changed as the bar 
revolved, causing it to become a varying magnet which re-acted 
on the steel magnet, and caused temporary changes in its mag- 
nt'tizatiiin ; which changes induced currents in the helices, whose 
etfects were observed on the galvanometer. 

In a second series of experiments the steel magnet was re- 
placed hy a soil iron electro-magnet (excited by a battery), whose 
lieliX; consisting only of a few hiyers, was inside the helix which 
was conncL'ted with tlie galvanometer. 

M* Verdet expected that, if diamagnetic polarity existed, the 
fsubstitutu^n of a bismuth bar for an iron one would reverse the 
direction of the galvanometer deflection » No sueh eifect was 
observed, and its absence caused him to decide against the 
existence of diamagnetie polarity. 

The reason why be obtained no reverse effect is sufficiently 
obvioiiB, All his diamagnctics were conductors of electricity; 
whether they became polar or not, electric currents would be 
induced in th>*m wljich would re-aet directly npon the helicuK. 
These indftced currents would be entirely inJepcndent of the 
magnetic polarity of the bodies, and would be so great as to 

• Ann. de Chunie/* IIL Ser.. totue J,%%1 187. ** (Emrr«« de Verdet.'* 
tome t p. 13. 
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entirely mask any effect which could be expected from true dia- 
magnetic induction. 

In 1855 Professor Tyndall* published an account of a eeries of 
experiments^ by means of which he obtained an entirely inde- 
pendent proof of the polarity of bismuth. 

Tiie bismuth bar, IV (fig. 155), was suspended inside a fixed 




helix, B, the tube of which was considerably larger than the bar ; 
80 that, within certain limits, the bar could swing like a galvano- 
meter needle. Two single electro-magnets P P' were placed in 
the position shown. AVe know that if a bar of iron were substi- 
tuted for the l)ismuth bar, it would be magnetized by the current 
in the helix, AB, and deflected to the right or left by the poles, 
P P', according to the directions of the currents in the helix and 
the magnet. When the current in A B was such that the polarity 
of the ends of the iron bar ll\ was the same as the polarity of 
the poles PP' opposite to them respectively, the bar was 
repelled ; when the current in the helix was reversed, the bar was 
attracted. 

On substituting a bar of bismuth for the bar of iron, exactly 
analogous eflects were produced ; but the directions of the cur- 
rents which had produced attraction with the iron l)ar now pro- 
duced repulsion with the bismuth and v\ce verm, showing that 
tlie current in the helix, which produced a particular polarity in 
the iron bar, produced a revered polarU^ in the bismuth. The 

• Tyndall, " Dlama^etism and Magne-CrystaHic Action," p. 130 (Long- 
mans, Green, & Co,, 1870) ; and PhiL Trans. 1855, p. 33. 
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commutators^ ER', allowed every possible combinations of eiir- 
rents to be tried, 

Plate XXVIII, is a drnwiog of a mucli larger apparatus 
devised by Professor TynJjill, for Bhowing the same eilect on a 
large «ealej suitable to class exi>enmcDtd. Four electro- lUQgDets 
were used, formiu^ two borse^shoe mngnets j and ttie eurreotJi 
were arranged so that each end of the euspended bar xvas at the 
fame time attracted by the pole on one side of it and repelled by 
that on the other* In the pieturej the commutator for the mag* 
nets is seen in front, but that for the helix is out of sight at the 
back of tlie instrnment. 

By tlie use of this apparatus Professor Tyndall was able to cause 
(Jt^flections of a bismuth cylinder 14 in. long and 1 in. Jiameterj 
whieli were suflSciently distinct to be visible to a large audience, 
lu 1852^ Professor Weber published a memoir/ in which he 
diseussed some of the mathematical consequences of diamagnetic 
polarity* He pointed out that — 

'* Tke magnefum qf two iron particUs Ipng im the line ofma^* 
nellmtlon w incrtami hj fhfir mutual act ion ^ bul^ on ffw contrary ^ 
tie diamagntlUm of iwo bkmutk parfkki l^hig ''^''^^ direcUon 
is diminished 4/ iheir muinal action, 

**The reverse occurs in both cases if the particle* lie in a line 
perpendicular to the line of magnetization. 

From this it follows that to impart by a given magnetizing 
force the strongest possible magnetism to a given mass of iron, 
we must convert it into a bar as long and thin m i)ossibIe^ and 
set its length parallel to the line of magnetising force, and that 
lo impart the maximum dia magnetism to a given maeis of 
bismuth J we must convert it into the thinnest plate possible, and 
tet its thick ness parallel to the line of magnetizing force/* 
Profesfior Weber then went on to describe some experiments 
diamagnetic polarity, by means of which he obtained a proof 
* its existence by a metliod totally ditrtTeut to that employed 
by Professor Tyndall, 

Li Professor Tyndall described a series of experiments 

made by him with Weber's method, and with an apparatus 
devised for him by the latter* As the principle of these experi- 

• Taylor a " Si-ieutific Memoirs " pCat. PhiL). ISoB, p. IGS \ or IWg. Aaa* 
IXXXVII , p. ]45. 



22 



Ekctra-Kimitcs. 



meitts is the same as that of WeWrX anJ as there were many im- 
provements in detail introduced by Professor Weber and Professur 
Tyndall in the new investigation, we shall «nh* describe the latter. 
The follow infj^ is Professor Tyiid^jli'is* aeeount of it: — 
**A sketeh of the instrument employed is ^iven in .fig. 156. 

BO, B' O' is the outline of a rectangular box, 
O \ the front of which is removed so as to show 
the apparatus within. The buck of the box 
is proloogedj and terminates to two iemi^eir- 
cular projections, which have apertures at H 
and H\ Stout bolts of brasii, which have 
I a' \yecn made fast in solid masonry^ pass through 
these apertures, and the instrument Wing 
secured to the bolts by screws and washers, 
is supported in a vertical positioti) heinij free 
from all disturhance sa^'^e such as aPfit'ts the 
foundations of the Royul Institution, All 
the arrangement? presented to the eye in fig, 
156 are made fast to the back of the box, 
but are uncounected with the front, so as to 
permit of the removal of the latter. W W ' 
are two boxwood wheels with grooved peri- 
pheries which permit of motion being trans- 
ferred from one wheel to the other bj means 
of a string s s\ Attached to this string are 
two cylinders, m o jo, of the body to be 
examined ; in some eases the cylinders are 
perforated longitudinally, the string pass^es 
thmugh the perforation, and the cylinders 
are supported hy knots on the string. H E, 
H'E'jare two helices, of cop jier wire over- 
Fi^, spun with silk and wound round two brass 

reels, the upjier ends of which protrude 
froai H to G, Jirid from IT to O', The internal diameter of 
each helix is U S of an inch, and its externul diameter about 1'3 
inch; the length from H to E i» 19 inches, and the centres 
ui the helices are 4 inches apart ; the diameters of the wheels 
W W heiug also 4 inches. The cross bar G G' is of brass, 
and through it« centre passes the m^vt E, Prom this screw 
• TjudftU *' DifttnttgnetitiOp" p* 168, 
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I number of silk fibres which support nu astatic 
arrattg^nietU two ma tenets, the frunt one of which, S is 
sUcjwn in tig. 156. An enlarged section of the instrument 
ihrou^fli tht; astatic svstetn is shriwn in pkin in fig, 157; and the 
position of the helices is shown to \vt 
between the magnets. It will be S4?en 
that the asta tie system is a horizontal one 
and not vertical, tis in the ordinarv gaU 
vanometer. The black circle in front of 
the magnet, S Nj 15ll, is a mirror, 
which is shown in section at fig* 
To bidant^e the weight of this mirror and adjust the magnets 
in a honzijtitiil position, a brass waslier, W, is canged to move 
along a screw until a point is attained at which its weight 
brings lH:»th the magnets into the same horizontal plane. There 
is also another adjustment which permits of the magnets being 
hrooght closer together, or separated more widely asiinden The 
motK^ns f^f this compound magnet are observed Ijv means of a 
distant scale and telescope, according to the method applied to 
the magnetometer of Gauss/ The rectangle, d a^d' a \ fig. 1 56, is 
the section of a copper damper, which, owing to the electric 
currents induced in it by the motion of the magnet, soon brings 
the latter to rest, and thus expedites experiment, 

'* It is well known that one end of a magnet attracts, wdiile 
the other repels the same pole of a magnetic needle ; and that 
between both there is a neutral point which neither attracts nor 
fepels. The same is the ease with the helices, II E and H' E'; 
fo that when a current is sent through them, if the astatic 
tieedle be exactly opposite the neutral point, it is unaffected by 
the helices. This is scarcely attainable in pmclice; a slight 
residual action remains which draws the magnets agaiust the 
helices ; but this is very easily neutralised by disposing an 
e:iternal portion so as to act upon the magnets in a direction 
opposed to that of tlie residual action. Here then we have a 
pair of spirsils, which, when excitedido not act upon the magneto i 
and which therefore permit us to examine the pure action of any 
twdr capable of magnetic excitement and placed within them. 

In the cxperimer.ts to be deserihedj it was arranged that the 
cnmnt should always flow in opposite directions through the 
• See vol i. p» 16S>. 
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two spirals; so that if the cylinders within them were polar, the 
two upper ends of these cylinders should he poles of opposite 
names, and consequently the two lower euds opposed also. 

" Suppose the two cylinders mn^ op^ to occupy the central 
position indicated in fig. 156: tben^even if the cylinders became 
polar through the action of the surrounding currentj the astatic 
magnetsj being opposite to the neutral points of the cylinders^ 
would experience no action from the latter, 

''But suppose the wheel W to be turned so that the two 
cylinders are brought into the position shoivn in fig- 158, the 




Fig. im. Fig. IfiO. 



upper end o of o and the lower end not mn^ will act simul- 
taneously on the sQspended mngnets. For the sake of illustra- 
tioUt let us suppose the ends o and » to be both north poles, and 
that the section, fig, 157, is taken when the bars are in the 
position shown in fig. 158. The right-hand pole will attract 
and repel N, which attraction and n^fSulsiou sum themselves 
together to produce a deflection of the system of magnets. On 
the other band, the left-hand pole being also norths will 
attract S, and repel N', which two etfects also sum themselves 
to produce a deflection in the same direction as the former two. 
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Henoej not only is the action of terrestrial mag-neiiBm annulled 
by this ai'rangementj but the moving iorce due to the reciprocal 
action of the mat^ncts and the bodies withiu the helices, h 
increased fourfuU, By turning the wheel in the other direction, 
^nr€ bring the cylinders into the position shown in fif^. 150, and thus 
^Huay study the action of the ends m and p upon tlio ma^iieti. 

** The screw E*, fig* 156^ is employed to raise or lower the mag- 
^KbeU. At the end, of the ecrew, is a small toi-sion circle which 
^Bl^n be turned independently. By means of the latter the su&- 
PP pending fibre can he twisted or untwisted without altering* the 

leTcl of the magnets. 
1^ " The front is attached to the box by brass hnsps, and opposite 
^no the mirror M a small plate of glass is introduced, through 
B which the mirror is observed ; the magnets within the box being 
^ thus effectually protected from the disturbances of the external 
^^*ir, A small handle to turn W accompanied the instrument 
^Vrom its maker ; but in the experiments^ I nsed instead of it a 
^Kkey attiiehed to the end of a rod 10 feet long; with this rod in 
Pf my right band ami the telescope and scale before me, the experi- 
ments were completely under my own controK Finally, the 
Durse of the cnrrent thmugh the helices was as follows — 
" Proceeding from the platinum pole of the battery it entered 
[the box along the wire r, fig* 156, which passed through the 
ibottom of the latter; thence through the helix to II', returning 
f JE^j thence to the second helix returning to from which it 

ed along the w^ire to the zinc pole of the battery. 
'*^A oonimutator was introduced in the circnitj so that the 
direction of the current could be reversed at pleasure/' 

We see that this method of experimenting has the great 
advantage, that in it a permanent deflection is always observed, 
l^aiid thus the effect of induction currents is entirely eliminated* 
^VWe quote a few of Professor TyndalFs numbers, in order that 
the decisive character of the experiments may be fully appre- 
^eiated. The positions 1, 2, 3 are the positions ol" the cylinders 
ebown in figs. 158, 156, 159, respectively. 

Bismntb cylinders, length 3 inches, diameter^ 0'7, 

Positjon 1. Position 2» Pasilltm 3. 
Scftle reading . 468 4S2 4^3 

This set of experiments was repeated many times with a 
&rfectly uniform result. On reversing the battery current, the 
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Bcale readings varied in tlie opposite direct ion, showing tbat the 
** polarity of iht; bismuth cylinders depends on the direction of 
the current J changing- as tlie latter chang<?s. It was invariably 
found; that with the same positioQ of cylinders and direction of 
curreiit, the dLvflection produecd was in opposite directioas for 
para- and dia-magnetie bodies " 

In order, however, to completely answer the objections founded 
on the sujjposition that the etrcets observed are due to currents 
induced in the cylinders, Profess*.>r Tyndall repeated his eatperi- 
nients, using cylindei's wliieh were not conductors of electricity. 
The followiuf^ numbers were obtained with rods of heavy glass^ 
length ^5 inches, width 0'6, depth 0'5;— 

Position L. Position 2. Potition 3. 
Scale readijig» , 661 662 01k) 

In six different series of experiments made with this sub- 
stance the eame invariable result was obtained," The de flections 
were in all eases identical in direction with those produced by 
bismuth under the same cii-cumstances. The other diaraagnetie 
solids which %vere observed were antimony, calcareous spar, 
6t4ltuary marble, phosphor lis, sulphur, nitre, and wax. They all 
gave perfectly distinct and unmistakable indications of diamag- 
uetie polarity J cyliuders of copper were also tested. This sub- 
stance is an excelleut conductor, but a very feeble diamagnetie. 
If the effects observed had been due to currents in the cylinders* 
the deflection produced by cop|>er should Imve been about 
i'orty times as great as that produced by bismuth. On trying 
the experiments however, the copper cylinders gave a deflection 
which was hardly perceptible; a fact — on the hypothesis of 
polarity-— easily explained by their very feeble diamaguetic 
capacity* 

FOLARITTf OF DlAMAONfirriG LlQUlBS. 

Water, and bisulphide of carbon, enclosed iu thin glass tubes, 
were both experimented on ; and in each ease distinct diamog- 
netic pohirity wns obspn'ed. 

Final EXPKEIMEKIB- 

A corresponding series of experiments was mode on para* 
ma*^netic solids and liquids. In every case the deflection pro- 
duced was in opposite direction to that given by diamagnetic 
substances* 
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Among the pammogneties examined were — elate of various 
ktndsi cbli^riJe, sulphate and carbonate of iron in powder, ferro- 
prussiiiR* of potash J and muriate of cobalt. In the ease of chloride 
of iron tht* aetion was so powerliil that the na^dle was forct'd 
against th^^ helices. 

Some tioal experiments were made on bismuth, whieh had Iwen 
reduced to a etate of fine powder and exi>osed to the air for some 
days, wliirh had caused each particle to be covered with a coat of 
oitide* An experiment with a gidvunometer showed that this 
powder was totally unable to eoudu<jt the current of even a 
pofrerful battery* Ou iiHiu^f two j^luss tubi^s ^vith the puwder 
and placing- them in the instrument, it was fuund they acted 
almoetj if not quite^ as powcrlViISy as the solid bismutli cylinders. 



MAGNE-CRySTALLlC AcTlOIf, 

In all the experiments which we have hitherto des^nibed^ we 
have considered the bismuth and other substances to be in a homo* 
neous state* When, however, they are in a hetero^neous or 
rystalline state, it was observed by Faraday that considerable 
fences are observed in their deportment under the action of 
erful ma n nets- 

The general law which determines the behaviour, in tlie mag- 
netic field, of Ixnlies whose density is not the same in all directions 
is, that the magueiic ajth iudueml in the hnd^ cmncUlm ivUh ike line 

In crystals this line iw parallel to the clea\^ag^ planes ; that is, 
& diama^^elie crystal will ^et with its cleavage planes eijiiatorial 
when suspended between the pt^les of a magnet, even when the 
diameter at rti^ht angles to the cleava«^ planes is considernbly 
longer than that measured along them* 

If; then, a bar of ciystal, not too long, be cut so that its 
eleava^'-e planes are perpendicular to the length of the bar^ its 
hehaviour, when suspended between the poles of a magnet, would 
he opposite to tliat of a homogeneous bnr of the sanje eh ape, 
composed of a substance having the same magnetic properties. 

The reason of thia is that the magnetic induction parallel to 
be cleavage planes is so much stronger than that perpendicular 
to them, that the couple tending to set the cleavage planes 
equatorial (if the crj^stal be diamngnetic) is stronger than that 
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tending to set tlie length of the bar equatorinl, in spite of the 
long;er arm of the latter couple. 

If, bowe%xHv the length of the bar is very much greater than 
its breadth, the difference in the magnetic intluctions in the two 
directions will not be able to compensate the difference in length 
of the arms of the oouples. In this case the bar will set like u 
homogeneous substaQce^ only it will require less force to displace ^ 
it tVom its position of equilibrium. M 

The first observations "on the crystalline polarity of bismuth ^ 
and other bodies'' were made by Faraday, His paper on the 
subject formed the Bakeriati Lee t tire for 1849j and will be found 
in the FhlL Tram, for that year.* 

The gubject was continued by Professor Tyn da 11, and hts various 
papers on it are collected in his Diama^neiim and Ma^ne- 
Cr^^MtalUe Acliojt. 

He made some very interesting experiments on the effects of 
compression— that isj on the effects of producing artificjidly a 
line of gi^atest density" in a particular direction. Perhaps the 
best of them was made accidental ly. He was experimenting 
with the great electro-magnet of the Univerisily of Berlin^ the 
eopper helices of which alone weigh ^43 lbs. A cube of bismuth 
was suspended Ijetweeii the poleSj and the poles were accidentally 
brought rather too near together | their mutual attraction over* 
came the friction between them and the iron pillars on which 
they lay. They rushed together and crushed the bismuth between 
themj corapressing it to about three-fourths of its former thick* 
ness. The [K>les having been separated arid the bismuth ex tracted| 
it was boiled in hydro-chloric acid to remove any trace of iron 
it might have acquired from the poles, and again suspended 
between them* The line of greatest compression ut once set 
equatoriaL 

The poles were now pui-posely allowed to rush together/ again 
pressing the bismuth along a line at right angles to the former 
line of compression* On being again cleaned and suspended, the 
new line of e*jmpression set equatoriah It was found, by re- 
peating the experiment, that the direction of the magnetic axis 
could be e hanged as often as desired* 

This experiment was the more remarkable as the bismuth liaii 

• And " Exp. Reu./' 2454* vol. iu, p. 83. 
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pfevioofily a natural crystalline etrtieture^ but the difTereuee of 
deosity in the two directions, produced liy the compression, was 
m mtseh grater than that due to the direction of the cleavage 
plmDes, that the set was always determined by the direction of 
the artilicjal compression^ 

Prof- Tyndall fills several memoirs with experiments to con- 
firm and ill QBt rata the law above described. 

A paste made of wax and powdered bismuth is an excellent 
matenal from which to make artificial crystals by compr^ioo* 
H^'ITh^ CAU also be made by compressing' bix^ad^ if great care l)e 
Hftafcetias to the cleanliness both of the fingers and tools employed. 
H In these experiments it is usually necessary for the experi* 
Hoietiter to wash his hands about every five minutes. The hands 
IP should be washed under a tap, so as to have a constant change 
of water, and dried with a ** glass- cloth," which is not so liable to 
l^get dusty as nn ordinary towel 

V The following experiment of Prof, Tyndall's on the oonstmc- 
tioa of a model to show the e fleet of cleavage planes is of interest* 
Emery-paper is very strongly paramagnetic. Let two bars^ 
citch one inch long and half an inch square, l>e constructed of it. 
One, which we will call No. 1, is made by gumming together a 
siifficieDt number of strips, each one inch by half an inch, to 
mike up the half-inch thickness ; the other, which we will call 
£, by gumming together a sufficient number of piecesi each 
an inch square, to make up the inch length. On being 
nuspended between the poles of a magnet. No* 1, which rep re* 
nts a crystal with its cleavage planes parallel to ita length, sets 
axiaU No, 2, however, in which the cleavage planes are per- 
pendicular to the length, sets equatorial j that is, with its 
cleavage planes, and not its length, axiaL It is very striking to 
see the behaviour of No. 2 when the magnet is powerful* The 
attraction of the muss to the nearest pole is so powerful that 
ouf^^ when the author was repeating the experiment, it broke a 
stout thread of sewing silk by which the bar was suspendeJ, 
and yet the length is held very strongly in the equatorial line, 
the action being exactly that of a homogeneous bar of a strongly 
diamagmetie substance. 

kEFPECT3 OF THE SUREOUNniNG MEDIUM, 
und that the medium in which the substance cxperi* 
_____ 
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men ted on hangs betiveen the poles atfects the result of the 
experiment. For instance, a homogeneous har of a feebly para- 
mag^netic subBtance will point axially in air or a vacuum, bnfc 
will point equatorial ly if it is immersed in a strong^ solution of 
proto-sulphate of iran. 

A eeries of experiments made by Faraday^ and afterwards 
continued V^y Tyndallj have given the obvious and simple eicpla- 
uation of the matter. In order that the suspended body may take 
up any position, it has to displace an equal quantity of the sur- 
rounding medinm from that position ; but the mag^netic force 
acts both upon the substance and upon the medium. K the 
action upon the substance is stronger than that upon the same 
quantity of the medium ^ the substance will take the same 
position m if it \vas in a vacuum* IP, on the other hand, the 
magnetic action on the medinm is greater than that on the sub* 
stancej the medium will take the position to which the magnetic 
force tends to move it, and the substance will he displaced and 
will take the eontrary position. 

When tliis Aict was established it was suggested by Faraday 
that it might Ijc possible to account for all the phenomena 
uf dia magnetism without assumiug the existence of a true 
repulsion, b}* supposing all space to be filled with a medium 
whose magnetic capacity was less than that of iron, but greater 
than that of bismuth, and that the supposed dia magnetic 
properties of bismuth might be accounted for by considering it 
merely as a feebler paramagnetic than the medium. 

Prof. Tyndallj* in a letter i-o Faraday, has pointed out that this 
enplanation is not sufficient to account for the observed facts, 
and in particular that conclusions deduced from it as to magne- 
crystallic action are directly at variance with the results of 
experiments The arguments in favour of the existence of true 
diamagnetie repulsion are unaffected by the consideration of 
the effects of the mcdia-surrounded bodies under the action 
of magnetic forces* 

• " IHaEnagtietista," p. 213* 
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KXP£RI¥SKTAL DBTSBMINATIOK OP XqUIPOTKNTIAL LIKZS AND 
8UKFACXS AND LINES OV FLOW. 

Pbofessob W. G. Adams's Experiments.* — Plates XXIX., 
XXX., XXXL 

Pbopessob Adams has succeeded in experimentally tracing the 
eqnipotential carves in conductors through which a current was 
flowing. 

The use of this research is found in the fact that the equipo- 
tential curves can he deduced hy a mathematical process from 
the theory of electric distribution, and it was expected that the 
agreement or disagreement of the experimental with the theo- 
retical results would form a test of the theory. 

The general theory of these experiments is based on the fact that, 
if the two electrodes of a galvanometer be connected to portions 
of a conductor in the same equipotential surface, no deflection 
will be produced, however strong a current be flowing in the 
conductor. 

The method of tracing which was employed consisted in 
causing a current to pass between two points, either in a liquid 
or in a sheet of tinfoil, and then, having placed one electrode of 
the galvanometer at a point in the conductor, to determine a 
number of points for the other where there is no deflection. 
These points all lie in the same equipotential line or surface as 
the first point. With a delicate reflecting galvanometer a dis- 
placement of an electrode of 1 millim. from its proper position 
causes a marked deflection of the spot of light. The following 
is Professor Adams's description of his experiments : — 

• See Bakerian Lecture, Proc. Boy. Soc., XXIY., 1875^, p. 1. 
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'^To trace tlie curves one electrode of Thomson's reflecting 
galvanometer was attached to a small screw^ or pin, fised iii 
contact with, or passing through the tinfoil disc: and the other 
^Ivanometer-electrode was attached to a small tuhe of the 
same size as the screw, with the end of which contact could l>e 
made at any point of the disc. In the centre of this small 
tube a needle was held by a spring; and when the required 
point was tbund^ hy pressing' down the spring a hole could be 
made in the tin foil j thus marking the position of the tracing- 
electrode." 

Fig, 1(J0 shows an arrang^ement of electrodes used by the present 
writer for a repetition of Professor Adams's experiments. 




Fig. IflO. 



The best form of contact is probably by means of needle-points 
on which shoulders of metal two or three milHms, in diameter are 
soldered, and w^iich are pressed tight on the tinfoiU By placing 
a sheet of paper underneath the tinfoil disCj the forms of equipo- 
tentlal curves are at once pricked out and may aflerwards be 
drawn. For illustration in lectures, the sheet of tinfoil may be 
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ptioed io front of a kmpj and the forras of equipotetitial carves 
or Kncs of flow may lie thrown oa a screen. If the curves be 
tmced on a circular disc, of the Bize of, or smaller than, the er^n- 
densillg-lens, tlie wlmk* series of equt}xitential curves on it mav 
be thrown the sereea at the Eame time, 

" Cojtf I. — Plate XXIX. (fig. 1) represents a sheet of tinf^nl 
SIO millims. square, in which A and B, the battery poles, are 12 li 
ntitltins. ∂ and the line A B is nearly parallel to a side and 
fmasis through the centre O of the square; the point O is equi- 
diitant from the tivo poles. 

•* Not far f mm the centre of the sheet, and in the smaller curves 
through an angle varying frnrn 60° to 90° abtjut the electroiies, 
these cnr%"es coincide with circles, and in other parts of the 
curves, wht^n the influence of the edge is taken into account, 
the agreement with the curves as given by theory is remarkably 
xaet. 

** If a large sheet of tinfoil be taken, and the battery electrodes 
placed t;tr away from the edge of the sheet, then at all pointe 
tot n^r I he edge of tlie sheet the forms of the equipotential 
urres will be very nearly the same as in a sheet of infinite 
3itent 

" In all such cases the eqaipotential curves, when there arc only 




two battery electrodes in connection with the sheets ate circles 
htving their centres on the straight line passing through the twn 
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akctrodes^ and the lines of flgw are also arcs of circles wliicb 
pass through the two poles. 

CaBe 2. — Fig, 161 represents a circular sheet of tinfoil^ 
210 millims. in diameter, with the electrodes on the circumference^ 
and at a dist^iiice from one another equal to the radius. The 
electrodes were small hinding-screws placed as closely as possible 
to the edge of the disc. The differences of potential between two 
success ive eqnipotential ciinres have been measured by the deflec- 
tions of the needle of the galvanometer. 
" The deflections were as follows ; — 

From it to a .150 

„ a ?i 60 

h € . . . « • • • .50 

c to tf 50 

„ *to/, 60 
„ /to^. 60 
gUik, . , . . . . .80 

It will be seen that the fall of potential from A to is greater 
than the fall of potential from d to This may arise; from a 
diflercuee in the resistances of the contacts with the two battery - 
electrodes* 

" The radii of the circles are 28, 56, H£, 28 and 1% millims*, 
beginning from the point k j and the distances between them, 
measured along the line joining the electrodes, ai'e 20, 13, 15, 19, 
15, 10 and 12 millims, 

" The distances 13, 15j 19, 15, 10 correspond U> equal difierences 
of potential; and hence the resistances of tlie portions of the 
disc between these consecutive eqni potential curves are equal 
to one another. In this case there was considerable ivsistance 
between the binding-screw and the tinfoil disc at the point 
of contact ; but thia does not alter the forms of the c qui potential 
curves. 

*^ Case 3. — Plate XXIX,, fig, 2> represents a large yht^et of tinfoil 
Is inches square, with one electrode in the centi'e, by which the 
current enters the sheet, and four similar electrodes at four corners 
of a square, each being three inches frtim the eentnil electrode, by 
which the currents leave the sheeL The eleotroflcw wei-e needles 
with shoulders of brass three millims, in diameter soldered on 
them. 

The four negative electmdes may be united together beneath 
the boai'd on which the tinfoil is placed, by strips of copper screwed 



Pig. 1. 
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to the electrodes by o small nut on each needle. On the needles 
which pass throii«^h the tiofoil are shoulders which come down 
tight 00 the tinioil bo as to make good contact. For these 
curves two cells of Grove were used^ and the difTeruuce of poteu- 
tiftl between two successive curves causes a deflection of 50 
divisions of the scale. The resistances of the portions of this 
disc between successive equipotential curves are equal to one 
another* 

** Case 4,— The curves in Plate XXX,, fig. 1, lying within the 
octant B A H| are equipoteotial curves, when one positive electrode 
A ifl at the corner of a square sheet of tinfoil of which A H and 
A M are the edgeSj and one negative electrode at at a distance 
iff three inches fi-oni A, the line A B bisecting tlie angle l>etween 
the two edges. The curves between the lines A B and A M have 
not been drawn in the Hgure. 

Tlie curves J with two exception are drawn atdtstanees corre- 
sponding to equ£il differences of potential \ so that, omitting the 
interpoluteJ curves^ the resistances of the portions of the sheet 
between two consecutive equipoteiilial curves are equal to one 
another. 

'* This figure also represents the equipotential curves for a square 
sheet B A B^, of which A B and A Bj are the edges, with one posi- 
tive electrode at A, and two negative electrodes at B and B^, on 
the edges of the sheet. 

*' We may also regard the case with one positive electrode at the 
centre, and four negative electrodes at the corners of a square as 
equivalent to two sets, each set consisting of one positive and two 
negative electrodes, one on each side of it at equal distances 
along the same straight line on a sheet eitlier unlimited or 
limited by that straight line, 

*' Ca^e 3. — The curves for this arrangement of electrodes are 
drawn in Plate XXXL, fig. 1 ; the distance from the positive to 
each negative electrode is 76 millims,, or 3 inches, as in Cases 
3 and 4, the electrodes being near the centre of a very large 
aheet of tinfoil. 

Taking the curve which cuts the axis at a distance of 54 mil* 
s, from the centre, and at distances of 1 milUm* on either 
^1 the distances ft, from the negative electrodes to the 
several joints on the curve difler by the quantities in the follow • 
ing table : — 
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106 108 109 110 

105 \m 100 no 

104 108 110 110 

104 108 109 110| 

104 108 lia 110 

101 103 114 110 
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" Tlie curve drawn between those at 53 and 54 millimetm waa 
drawn as nearly ae^ possible at a distance of 53| millims. from 
the centre. 

" The result of this case shows tliat in the ease of one and four 
electrodt^s (Plate XXIX,, fig. 2), we may expect the curves which 
eut the axis at a distance of about 54 millims* from the centre to 
be hyperbolas. The fifth curve from the centre is in the posi- 
tion of the rectangular hyperbola, having its foct in the positions 
of the negative electrodes; and we find, on measuring this curve 
as well as the curve on the outside of it, that near the vertex 
the curves are accurately hyperbolas, Tbis is also true of the 
corresponding curves in fij^, 4* The cnrves first drawn in fig, 5 
were drawn ab equal distances of 10 millims. apai't alon^ the 
axis, reckonings from the centre; and the dLfTetences of potential 
for these curves^ reckoned from the centre, are proportional to 
the numbers 

138> 68. 100, 80. 

138 including the effect due to contact of the eleettode. Other 
curves were afterwards interpolated in the neighbourhood of the 
position of the rectangidar hypci'bola and around the ne^tive 
electrodes. 

The sheet of tinfoil in the hjst three eases was sufficiently 
large for the cnrves in the neighbourhood of the axis to be similar 
to those which could have been traced on a sheet of infinite 
extent. 

The third equipotential curve from the negative pole C is the 
rectangular hyperbola^ and its vertex O divides the distance A C ; 
go that 

A ti to A B ail 1 is to VI 
A is equal to 5375 millimetres. 
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CoMt 6, — Fi^- 1C£ represents the ease of a circular disCj where 
the current enters at the edge and leaves at the centre of the disc. 




Ajoaiid the centre the curves are very nearly ellipses of small 
eccentricityj the focus being at tlie centre of the disc* 

When the fixed galvanometer- elect rode is at L, it is difiicult 
lo find a success ion of poinU forming a continuous equi potential 
curve; the tracing-electrode may at one time be placed on the 
boundan' of the shaded portion of the figurej and at another may 
be placed on the axis near the point without causing any 
current through the galvanometer, 

**0n placing the fixed galvanometer-electrode at Q, the tracing- 
C'lettrode marks out two straight lines in the neighbourhood of 
tliat point of the same potential as the point Qj and each cutting 
the edge of the disc at an angle of 45° at that point. 

*'The uncertainty in tracing this equipotential curve is explained 
by the fact, that each of the galvanometer-electrodes was rather 
more than 1 millimetre in diameter. 

" The equipotential curves which lie further from the centre cat 
the edge of the disc at right angles, 

^ If a T8 the mdinsuf the disc, and r the di^tanca from the ceni:r<?, tbe eccen- 
tncity IS — * 

Tlie curve euttlng the axb at tbe point L & distance of 16 milltms*, i.e. 
(3 — a from the centrt^ hiu two hroncheji ctitttng' one another ftt right 
Aiif^ltt it the point and ea<:b eattmg the edgts of thtj di&o at an uugle of 
the mdmii of th^ dijtc being S7S inches* 
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To DkT^BJIIXE EnPf EIlLEKTALLT THE LiKES OF FlOW AND THE 
EqUIFOTEKtlAL SURFACES IH SPJlCE OF ThUEE DiMEJfSlOKS. 

If two plaiiTnim wnres, sealed in glass tul>es, with only a short 
piece of wire projecting from the sealed end, be immersed in a 
liquid, the other ends being connected with the poles of a battery, 
we shall have a close approximation to the case of corretite flow- 
ing from one point to another within a liquid ; and by means 
of two other platinum wires similarly arrangcdj but attached to 
a galvanometer, we may trace out the forma of equi potential 
surfaces within the liquid. If dilute sulphuric acid be employod| 
there will be polarization on the electrodes; but by reversing the 
current alternately, and making contact only for a short timt^ 
the polarization may be kept small on the galvanometer-elec- 
trodes, provided they are not moved far away from the same 
cqui potential surface. 

" After a few preliminary experiments to determine how far the 
method was practicable, I began a definite series of experiments 
in March, 1^1 Fortbe experiments in dilute sulphuric acid, in 
sulphate of copper, and in sulpliate of zinc, I have employed a 
rectangular wooden box, 1 foot long, 8 inches broad, and 8 inches 
deep. On the edges of the box are fastened paper millimetre 
scales J a piece is cut out of the middle of the ends of the box, 
and a sliding piece Btted in to carry the battery olectrodes. 
These sliding pieces are capable of motion parallel to the sides of 
the box, so as to place the battery -electrodes at different distances 




from one another (6g. 163)* The galvanometer- electrodes were 
placed firmly in brass tubes, which were accurately placed on 
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T pieces of woo4j so ai to bo in a line with the point of inter* 
section of two edges of the T piece, and to be vertical when 
the T pieces are placed on the edges of the bos. By this means 
the rettangnlar co-ordinates of the point could at once be read olf 
on the sides and ends of the box. 

" The first experiments were made witb the points at a depth 
of 1 eentims. below the surface, the box being nearly full of 
liquid, Iq making the experiments the current was reversedj 
and ttie rend lags of the galvanometer taken on both sides of 
zero for eaeh position of the electrodes. 

*'The battery employed was £0 Leclanehe cellsj the resistance 
of each cell being nearly 3 ohms, and the electro-motive force 
alxiut 1 J of DanielPs celL The strength of the battery current 
was measured by a tan gent* galvanometer of the form of Helm- 
ho I tar's double galvanometer; the deflection of the needles 
during these first experiraents was generally 46^* The galvano- 
meter-electrodes could be brought up to within 1 centim. of the 
centre of the box, 

" A preliminary series of experiments were then undertaken to 
determine and eliminate the effect of the i>olarization currents 
produced by the action of the electrified liquid of the galvano* 
meter poles, which were not found to be quite so small as had 
been hoped. These being compltitedj the cquipotcntial surfaces 
in three dimensions were traced. 

"The plane which is equidistant from the electrodes %vas shown 
to be an equipotential surfacej namely, that at which the 
potential is zero, 

" Case 7* — Plate XXX.j fig, 2^ represents three sections of three 
equipotential surfacesj one through the point (50*10)^ another 
throngh the point (SIM 10), and a third through the point 
(lOO'lO), the battery-electrodes being placed at distances of 
10 millime. from the ends of the bos, and 284 millims. apart. 

" When the battery -electrodes are so near to the ends of the 
box, the distribution of the electric currents^ and therefore the 
forms of the equipotential surfaces, will not be the same m in a 
conductor which is unlimited in every direction ; hence in com- 
paring these experimental results with theory it is necessary to 
take into account the influence of the ends and sides of the box/' 

We must remember that the line — loO in Plate XXX* fig, 
i, 18 the line A B in fig 163. 
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EiPEBIMENTS WITH LiNEAR EL£0TH0D£S. 

*' Ca%e 10. — ^The rectangular tox was also employed to deter- 
mine the forms of the cylindrical equi potential surfaces when 
the electrodes are straii^:!!! rods and extend throughout the depth 
of the liquid. Sulphate of zinc was employed for these experi- 
mentS; and the electrodes were amal^i^a mated zinc rods. Plate 
XXXI,, fig. representfl the sections of the cqut potential surfaces 
when one battery -electrode is at A, the centre of the boxj and 
the other at the middte point of one side* These electrodes 
are 100 inillims* apart The galvanometer electrodes in these 
experiments eoidd not be brought within lees thiin 5 millims. of 
the axis of the curves, 

" Tlie curves drawn represent the sections of e(|uipotential 
cylindrical surfaces which are at distjinces of 10 niillims. apait, 
measured along a line which is parallel to and 5 millims. distant 
from the axis. 

The case of a circular cylinder containing sulphate of copper, 
with the battery-electrodes at the two ends of a diameter, has 
3ilso been worked out experimentally^ and the equipotential 
surfaces are circular eyh'nders cutting the sides of the vessel at 
right angles. Mercury was tried for these experimentsj but 
from its almost perfect conducting-power it was very diflicult to 
determine two vertical lines in it which were precisely of the 
same potentiaL 

** Ca9€ 11, — Another mm was worked out experimentally with 
line- electrodes in sulphate of zinc. One positive electrode w^as 
placed at the middle point of one side of the rectangular box, 
and two negative electrodes were plnced symmetrically at the 
same distance from the positive electrode, so thai tl>e lines join- 
ing the positive to the two negative electrodes were at riglit 
angles to one another. This corresponds to the case drawn in 
Plate XXX., fig. 1^ and the sections of the surfaces at points 
which are not near the side of the box ore the same as the 
curves in Plate XXIX,, fig, 2, or Phite XXX., fig, 1. Having 
previously determined the forms of these curves in the tinfoil 
experimentsj it was very easy to move the tracing-electrode from 
one point to another on the same equipotential curve, by making 
use of the curves previously drawn as guides for the electrode/' 
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The theory shows that the lines of flow cross the eqiii potential 
carves at right angles, Hen^e the lines of flow can be traced ; 
butj as DO electricity crosses a line of flow^ or^ in other ward8| ad 
there IS DO current along an eqni potential Hue, then, if from a 
sheet of indefinite extent we cut off a portion hounded by lines 
of flow^ we shall not afiect the electrical distribution \ that is, if 
the theory is correct, the forms of the eqtiipotential lines w411 be 
the same as before the sheet was cut. This was found to be the 
^ise^ as will be seen on comparing Pi^, Ij Plate XXX-, and Fig. 
2, Fbte XXIXv where in Plate XXX. one fourth of the sheet 
is cnfc out b}' the hues of flow joining the electrodes A Bj A B'. 
On deducing the mathematical equation of the lines of flow, it 
can be shown that they are arcs of circles passing throug^h the 
battery -electrodes, A corapanson of this result with Fig, ]j 
Plata XXIX.p shows a very close accordance betweea theory and 
experitneut, for a series of circles with their centres on the line 
Y O Y' and passing through the points X X, will cut all the 
curves at right angles. Of course the straight line XX ia an 
arc of the circle whose centre on O Y is at an inRuitc distance 
from 

''The maoLcr in which curves calculated for a sheet of inflnite 
extent are varied near the edge of a sheet not coinciding with a 
line of flow, is calculated and found to agree very closely with 
experiment. Some conclusions with regard to the eflect of vary- 
ing the depth of the galvanometer-electrodes in the liquid are 
ehown to agree exactly with esperimenti 

*' The equipotential curves for Case 10, with linear electrodes 
in the liquid, are theoretically the same as those for Case 5, 
with poinU on a sheet of tinfoU for electrodes. A comparisun of 
the figures (Plate XXXI., iigs. 1 and 2), which- are laid down 
from the experimental results, shows how closely they agree, 
and may be taken to be an independent proof of the accuracy 
of the theory of electrical distribution. 

It is interesting to know that the conduction of a current in 
an electrolyte resembles that of a current in a metallic conductor 

fjnr as the lines of flow are concerned/' 



4« 



Eieciro^Kinetm. 



CHAPTER XXXIII. 

TJJE INDDGTIOK COIL. 

We have stn^iij in Chapter XXTT.j that if a mngnet be placed 
inside a coil of win? and giiddetilj withdrawn, a momentary cur- 
rent of electricity will be produced in the coil, and that its electro- 
motive force will be greater the more Buddetily the magnet is 
drawn mit. 

If, instead of removing the magnet, we destroy its magnetism, 
we find, as wo mi|^ht espeetj that a current is &till induced in 
the coiL If, instead of a steel nia^net| we use an electro-mag-net^ 
we can, by starting and stoppings I he eurrent^ make and destroy 
the magnetism much more suddenly than we can insert and 
withdraw a steel har ; and sOj on the destruction of the magnetism, 
we shall induce a current io a surrounding' coil having a much 
greater electro-motive force than could be produced by the with- 
drawal of a steel magnet of equal strength* 

The induction eoil is an instrument in which advantage is taken 
of the fact of electro -magnetic induction ^ to con vert the electricity 
of the voltaic battery current^ which has large chemicah heating, 
and ma^^netic effects, but of which the greatest diirerence of 
potential between its different points is comparatively very small, 
in to electricity with much less chemical and magnetic power, but 
of which the diffei*ence of potential at difFercnt points in tlie 
circuit is enormons» 

In order to obtain some idea of the diflercnce between the elec- 
tro-motive forces given by a battery through the medium of a coil 
and those of the largest batteries directly, we may note that 
Messrs. De La Rue, M tiller* and Spottiswoode,* found that with 
1080 chloride of silver cells, it was only possible to obtain a 
spark, whose length varied fi ona (0'f)96 mLlhm^]j to 

• Ppoc Rajp Sue*, vol. rtiii, ISTS, p. 3a7» 
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inch (0*1 millitn.), while even small ioduetion coils give 
Epurks of ox%r an inch with one or two cells — and Mr. Spottis- 
woode's great coil, which deseribeil below, gives, with 50 
Bunsen cellS| a spark of 4-21 inches, or more than a metre. 

The induetioQ coil consists maiuly of an elect ro^magnet placed 
insiJe a coil of fine wire and an apparatus for maguetizing, and 
demagnetizing tlie electro- mag net as rapidly as may be desired. 

The following is the general outline of its construction. A 
core of soft iron is covered by an insulating material, and round 
it nre wound a few layers of stout insulated wire, in the form 
of a beli]£. Tins helix is called the primary coii^ Outside it 
and well insulated from it by means of a thick ebonite tube, is 
wound a very great length of very fine insulated wire, •forming a 
great number of layers, each of which consists of a great many 
windings. The fine wire is called the tecondar^ coiL 

The core is usually made of a bundle of iron wires, as they will 
demBgnetize mure quickly than a solid bar* 

The ends of the primary wire are connected to a battery ^ the 
ends of the fecomlary to dischar^'ing points separated by a 
greater or k*ss interval of air* When the current is made or 
broken in the primary circuit, a certain difference of potential is 
caused by induction along each portion of the secondary circuit, 
each winding being acted on by the iron core, and by the portions 
of the primary circuit near to it* 

There are a great number of windings of the secondary, and 
a separate ditil^rcnce of potential is produced in each. These 
belli g all added together produce a very great ditference of 
potential at the discharging points^ which difference is sufficient 
to breuk down the resistance of the air between the points. 

Flat*? XXX II. represents a coil, by Apps^ in the pos^ses.sion of 
the author, which gives a spark of 17 inches in air, and has 
Da lies of secondary wire. 

It is Tery necessary that contact should be broken as suddenly 
as possible, in order that the differences of potential produced at 
different points of the secondary circuit may all act at once iti 
producing a great difference of potential at tlie extremities. 

It is found that, except in very large coils^ sparks are only 
produced on breaking the circuit, and even in very large coils the 
spark produced by closing is much feebler than that produced by 
0|>ening, This may be due to the fact that the magnetization of 
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the iron core takes longer to rise to its maxim utn value tban to 
Bink from its maximum to zero. 

The CondenseeJ 

This is a very important portion of im induction coil. It 
consists of a number of eheets of tinfoil^ separated by mica^ gutta* 
percha, or paraffined papen The 1st, 3rd, 5th, 7th, &c., sheets 
are connected to one tnd of the primary wire, the 2nd, 4th, 0th, 
8th, &c,, to the other end. When the circuit is broken, the 
extra cnrrent,t induced in the primary wire by breaking, is in 
the Bame direction as the primary current, and therefore tends 
to prolong the magnetization of the core. When a condenser 
is used, the extra current spends itself in char^ingf it. The con- 
denser then, instantly discharging itself, sends a current in the 
reverse direction round the core, and at once demagnetizes it, 
llie condenser is usually placed in the base of the coil. 

Contact Brbaeers. 

THE VIBRATOR, 

Vttrious methods are used to make and break tli^ circuit. 
The form of contact breaker which is universally used for small 
CoiU is called the vibrntor (fig* 164). 




It consists of a piece of iron, which is supported near one en 
• See Yd. u p. 66. t See vol, i. p. 300. 
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of the core bj a brass or steel spring', which tends to pull it away 
frt^m the core, and to force » pieti? of platinum soldered on to 
the back of th«a spring ag^alust platinum pointed stop* The 
position of the latter can he regulated by a screw. The primary 
current piiisses from the stop to the spring. 

A second screw reflates the tightness of the spring-. This 




tightening screw vvoika in an iv*j ry C'jUar lor insulation, and 
usnally has an ebonite bead. 

When the cun-ent passes, the iron core becomes a magnet, and, 
pulling the spring forward, separates the platinum points and 
breaks the current. This, at the same time, destroys the mag- 
netism of tlie core, and the spring flies back and completes the 
circuit, when the process is repeated, and thus a constant vibra- 
27 



46 



EkcirO' Kinetics, 



tion is kept up. Wlien the spring is weak, the current it broken 
at a time wljen the core has but small magnetic stren^^th, and a 
feeble iiutuetioii enrrent is produced. By tig'htening' the epring 
we may arrauge the apparatus bo that the current is not broken 
till the care has received nearly its maximum of magnetization, 
nnd 60 a mueb strouger current of iuduction is generated. 

The advantage of the vibrator is that, while nsiag a strong 
battery^ wc can obtain either a very feeble spark, or nearly the 
maximum power of the coil, without alterin*^ the battery — the 
iifiirence being made by simply turning the handle of the tighten- 
ing screw* Tiie vibrate? r is not suitable for very large coils, owing 
to the heating effect of the spark of the extra current at the 
point of make and break, which is sufficient to fuse the platinum 
points, and to damage the coil ; this spark also destroys the sud- 
denness of the hrcakj for flame is a oouducior of electricity. 




A coil giving a 17-iiicli spark m ahout the largest size for 
which the vilirutor can be employed with safety, • 

^ Mr« AppB tti^>rmK in#tltM he lids ju^t ^succeeded in using i vibrfttor im 
ft coil giving 26 inches spark* — March, ISfiO. 
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Clock axd Hikd Bkkaks. 

Ill these instruments a platinum plunder is lifted in and out of 
nn amnl^im of mercury and platinum at the bottom of a glas3 
vessel, tlje upper part of which is full of akohol^ placed there 
to extinguish ilie extra current spark. In the hand -breaks 
fig. 165, the plunger is pressed down (to make contact) Ly 
hftnd, and mi^^ed again by a spring. In the clock break, fig, 
166, the plunger is niised and lovvered by a crank attached to 
a clock. The speecl of the clock is regulated by means of fans 
which can be tuined so as to offer greater or less resistance to 
tlie air. 

The drawings are from breaks by Apps. 

Spottiswooue's Wheel Break. 

This is used for vacuum tube experiments. Its object is to 
make and break contact very rapidly. It consists of a brass 
wheel with a number of radial slits filled with ebonite. A light 
platinum spring presses on the cireumfereuce, and is held in a 
clamp lined with india-rubber to deaden its vibrations. When 
the wheel revolves, contact is broken as each slit passes the spring. 
There is a small pulley on the ajiis of the wheel round which the 
drivtng-band passes. The band may either be connected to a 
fly-wheel turned by hand, or, as in Mr. S|>ottisvvoode's labo- 
mtoryi to a small steam-engine. 



Sfottiswoode's Rapid Break.* 
Fig. 167, 

Mmi ^f^tatwn of Contaei*hreaker, Ffulf iute (linear)-. 




• Proc. Roy. tSoc. vol. sxiii. p. 455< 



48 



Fig. lea 

^idt elenatmn qf CmtacUhrtaher* Half size (linear), 




A, Matioganj base. 

B. If eavj braa^ oolamtL for flupporting ribratiiig iprm^. 

D. Brnaa colama for aupportidg horr^^utal plate O. 

E. Platinum tipped Bcrww for ooutactft* 

F. Fnotion- collar for boldiog Bteadjiug-OLnn, 

H H. Termmals. 

LeTer-Brm for S.ne atljaatiiiciit. 
LeT©l ling" screw, 
M M. Compensating weights, 

N» Wooden piUar for electro- mngnat. 

This is a paytieiilar form of break whit^h has been used by 
Mr, Spottiswoode fur vacuum-tuhe experiments. The contaets 
are maile and broken by the vibrations of a short stout steel 
roj rigidly fixed at one end, and kept in action by a email 
independent electro- ma^tjet^ The number of vibrations per 
second made by the dilFerent rods tried, under the action of the 
magnet, varied from 700 to 2500. The amplitude of each vibra- 
tion was not more than of ineh." 

• Witb regard to tlie^e breaks, Mr, Wr*rd, Mr. Spottiswoode's assistant, who 
inriratod the ** rapid *' break, wniea to me, '* One feature aboat the " rapid ' and 
* wheel ' breaki* is tlie (5xceedin^;ly sTnall quantity jiekWd by tlipm. In some 
■mall coil!* the len^^th oi Bpark, with a Wbrating break, is* about t'j itich^ and yoa 
oannot beitr to huve that pasiied throni^'b jour body, m the shock ia w great. 
In a»ifig iny rainJ break with larger doila, you can gtft dlachaf^gca J and f long, 
which 3 0U ^ivn prti*s fearU'Bsly through auy pnrt of the body. I also notioetl 
the comparatively high static qanlity of epark m another ibrm — ^that is, the 
way in which the electrodes of tho t^tl allmct pieces of paper, Ac,, and the 
way in wbiuh the wir^s from the eWtrodes, if they be free to more, attract 
pile anuther nl great disUnces.'* 



Mr. Spoitisumdis Great CoiL 
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Goudok's Hioii-Sf££d Break, — Platb XXXIIL 

Tlie present wriier lias armngefl a break for experiments on 
specific in J lie live cjipjieity in win eh an enormous sfieed was 
peqiiirecl (see voK ii, pa^re 11)1) * It consists of a little eleet m- 
mngnelic engine,* the fly -wheel of which is about two inches 
cii*n meter. Sixty slit^ are cut in its circtimferenee and filled with 
ebonite ; a litj^ht spring presses on it^ and the primary current on 
its way from the Ijutteiy to the coil is made to pass from the spring 
to the wheeK When the wheel revolves, the cun-ent is elosetl sixty 
times and broken sixty times during each revolution. 

When tlie eii*^ine is driven by four large Grove's ci^ilai^ the fly- 
wheel revolves jnst 100 times per second, so thut the primary 
current is made 6000 times and broken GOOO times in each 
fleeond. 

Mit. SpomsTTOODE^s Coil, — Plate XXXIV, 

A description of this, the largest coil ever cimstructed, will bt) 
found in the Philoeophieal Magazine for January, 1^77. 

It was made by Mr. Apps, The total weight of the coil is 15 
cwt. ; its length 4 feet \ its external diameter 20 inebes. It is jjuj)- 
IH^rted on two massive pillars at its ends, while a cent ml pillar^ 
adjusted by a screw, provides against any bending that may 
occur. 

There are two primaries, one of which may be rephieed by the 
other by two men in the course of a few minutes. The one to 
l>e used for long sparks, and for most experimeutSi has a core 
consisting of a bundle of iron wires, 41 inches long, by 8*o6 inches 
in rjiaraeter, and weighing 07 lbs. 

The copi>er wire of this primary is 000 yds. hing, '096 inch 
(nearly inch) in diameter, and has a total resistance of 2*3 
B.A,U*t with a conductivity of 93 per cent. It contains 1344 
turns, wound in six layers ; its weiirht is 55 lbs,, and total length 
42 inehes. The other primary, which is intended for short thick 
sparks, lias a thicker core, w eighing 9^ lbs. ^ and the wire is wound 
in double strands, so as to give much less resistance. 

The secondary coil consists of no less than 280 miles of wire 
forming a cylinder 37'5 inches long, and 20 inches external 
diameter. The tot^il resistance is 110200 B.A.U. It is wound in 

• See Clia|>ter XL. 
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four seetioni. The diameter of the wire tised for the two ceotral 
sectiong being *0095 (nearly inch) and those of the external 
a little thicker. 

The object of the increased thickness of the wire near the entis 
is to provide for the accumulated charge which that portion of 
tlie wire has to carry. Tfie total number of winding of the 
secondary is 341,850, In this as in all other large coils made 
by Mr. Apps^ the seeoudary is wound in a number of discs 
separated by plates of ebonite* The reason of this is that when a 
coil is wound in layers, portions of the wire, whose potential are 
very difi*ereDt^ are near togetber, and a great strain is put on the 
insulation. When the wire is wound in diiscSj the portions whose 
potentials differ very much are separated by the ebonite plates. 

It was found that the condenser required w^as much smaller 
than might have been expected. One of the same size as that 
used for a coil givino; a 10-inch spark proved to be most suitable. 
It consists of 120 sheets of tinfoil 18 x lS'25 inchesj separated 
by varnished paper. 

Using the smaller primary, this coil gave : — 

With 5 quart cells of Grove a spark of ^8 inches. 
With 10 ,j „ ,j 35 inches. 

With SO Jl 42i inches. 

A spark of 42 1 inches is by far the largest that has been 
obtained by any electricfil apparatus whatever. 



CHAPTER XXXIY. 



ON THE DISCHAEGl OF THE IJrDUCTlO>r COIL KKB MSCHAEnB 
GENERALLY, 

Thk dischai^ of the induction coil presents many analog-ies 
with that of electric machines^ particularly of the Holtz form, 
and accounts of the appearances seen in discharging- the one will 
frequently, though not always, be applicable to the other. 

The pht^nomena about to be described ha^re, except where 
the contra n" is stated, been observed with the 17-incli coil (Plate 
XXXII.), worked by 10 quurt Grove cells, in series. When the 
discharge is taken between a pi>int and a disc separated to 
the maximum distance over which asp^ri k will pass, and the point 
is made positive, the discharge consists of a zigzag line of bluish 
white light, and is accompanied by two distinct sounds ; one^ a 
emckling which^ when a slow working break is used, resolves 
itself into a separate sharp report like that of a small percussion 
e;ipattlie instant of each discharge ; and the other a hissing sounds 
eaueed by the appreciable time required bj the ^2 miles of secon^ 
dary wire to discbarge itself* 

This last etiect is more particularly noticeable when the points 
are near* In Mr, Spottiswoode's great coil, when the points are 
plaised four or iive inches apart ^ the hissing discharge lasts some 
two ieeonds or more. When the point is positive, the discbarge 
;i]w&ys takes place near the centre of the disc, but seldom twice 
in exactly the same spot* When the current is reversed so as to 
make the disc positive, then with the same battery power onlv a 
much shorter spark can be obtained, and it takes pbce between 
tJie point and the edges of the disc* I am not aware tfaat the 
reason of this ditference is known. 

When the battery power is weakened, or the vibrator spring 
relaxed so that the coil will not give quite its full spark, then, if 
the discharging rodi be sejmrated to rather a greater distance 
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than that over which the spark can pass^ the space between will, 
if the room be darkeneJ^ be observed to glow with a iaint blue 
light, extending' for some 2 or 3 inehea in all directions round 
the line joining the poles. This has been called the brush dis- 
charge, 

Wlien the jwints aii? put at about the maximum distance over 
which a spark can pass, the spark and brush discharge a 
frequently observed together. 

When the points ai^ brouj^ht within some ^i or 3 inehes of 
each other^ the discharge is thicker but nearly si!cnt, anil is sur- 
rounded bj-a mass of yellow tiameof some \ inch to | inch thick 
This is caused chiefly by the comhustion of the sodium in the 
air. It can be blown away by a current of air, leaving the spark 
imaniected, A candle or piece of paper can be lighted at it- 

The discharge from even a very small eoil, if talrcn through the 
body, produces violent pain and musculur contraction, the patient 
being usually unable to leave go of the electrodes. The discbarga 
of such a coil ag the 17-ineh would probably be fiital ; indeed 
that of a coil giving a i-ineh spark is the maximum ttiat coul" 
be taken with safety * 

if an ordinary looking-glass^ about 15 inehes by 10 inchcgj 

set with its back against the disc of a IT-inch coilj and the 
point be put near the middle of the glass face^ a very beautiful 
effect is observed. The discharge appears to strike the glass, an * 
breaks in a kind of spray of fire, streaming in every direction to 
the etlges, whence it is conducted by the mercury and w^ooden 
back, to the disc. 

By placing the points of the secondaiy at opposite sides of 
pieces uf plate-glass, and surrounding the ternnnals with cement, 
considerable thickness of pi ate -glass can be perforated* With 
the great Polytechnic coil, only smaller than Mr. Spottiswoode's, 
5 inches of glass were perforated. Mr. Spottiswoode as yet has 
only tried [>erforating S inches, but he found that it only took 
a 28-inch spark, produced by 5 rjuart celb, to do it. He calcu- 
lates that with a 42-inch spark he could perforate 6 inches* 

♦ With tht» ^I'eAt coil made by Mr, Apps fl»r tbe Polyttthnio Institution, 
which giive 29 itube* »p(irk. » »hock wiis adTuinittUired to u rabbit without 
causing dcAtb, It U pmbabl^^ bow**verj ns the rabbit wan niui-b leas tlma 
29 inc)i4^ ]on|:^r tbat tbo greater part of tbv di^^harge pui^fted ruutid him 
through the air wnd not tb rough hie body. 
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DlSCHjlTiGK WITH TDE RiPID BrEAK. 

Br usiug one of the rapid breiiks, ^^a/aUerDate electnficatioti^ 
can be obtained. A large coil and a small buttery must be em- 
ployed- 

With tlie i 7-inch coil^ worked by ten small Lfel4fineh^> cells 
in series, and the high-speed break (Plate XXX 1 1 L), the elee- 
trifimtioiiB of the sectjudary poles can be reversed !Si*me 1£,00U 
ticaesper iecond* and the make and break ctirrent are found to be 
nearly exnctly of equal strength* A spark of about ^ inch is 
obtained, which corresponds to an electro- motive force uf about 
2050 chloride of silver cells,* 

If wlree l)€ led frtim the secondary terminals to the opposite 
coattii^ of a liCjdcn jar, or other condenser, the character of the 
dischai^ is changed. The discharges are not quite so frequent, 
as the jar has to l>e charged between each sparky but the spark is 
of a da^ding white, and instead of the usual smart crackle of 
the impinging sparks, a series of deafening reiwts are heard- 
If a slow working bi-eak is Ui«*ed, so that there is an interval 
between each diseliarge^ the metal disc is beard to ring after 
each spark, as if it li:id been struck by a hammer, 

A secondary condunser is always used for sf>eetroseopic expe- 
rimentfj m the spark has great detlagrating jnwer* When a 
spark is taken between a point and a polished plated disc, each 
disehar^ causes a minutt* dot on the bright surRice, which 
cannot be rubbed off. It is due to theTolatilization und burning 
of a small portion of t lie silver. Instead of a single Ley den jar, 
several connected either for quantity ur ** in casc;*de may be 
need. Tlie latter plan gives the best results,! 

The noise caused by a ^-gallon jar, with a 17-inch coil, is 
sufficient to make it necessary to sl>out in ortler to be heard. 

• See Phil. TranR., 1879, pp. 419 and 423. 

t lji*jd@ti jar« are m\A t*j be cijniiectiHl for " quantilj " when all ibe inner 
ef*atmig« are mnnecttd to on*! |>olet «nd all the outer to the othen When jars 
are ArniitgHi in " Ciis^ade/' the iiitii*r coating of the first b ootit»ected to otie 
potcs Rud its out4^r coating to the innvr cotittng- of tbe aecoud. The outer 
eoiitinff of the s^xjtid is cqtifiet'ted to the inner one of the tlijrd, Hn*t 80 on, 
Tb^ outrr ccwtin^ of the ltt#t i» civimccted to the uther pule. All jars (^on- 
nect^ m QHg W94J to large colk mnflt be placed on int^uhituig^ stands, niid nui 
ci^anei^od to earth. 
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At the same tiine^ as the strength of the spark is increased^ 
the length is deci-eased. With a large jar in my |K)ssessioa, 
which contains 11 gallons, and has 7 J square ieet of coated 
surface, the maxiaiura spark which the 17-ineh coil will give is 
something under 1 inch. With small jars, the length of the 
spark is limited hy the size of the uneoated portions of the jars, 
as when the points are separated !jy more than a certain distance 
the epark springs round the glass* With a J^gallon jar of the 
shape usually sold, about 5 inches spark can he ohtained. 

The jar discharge will perforate paper, but not ignite it. 

Induction Coil anb Magneto Electeio or Dtnamo " 

In November, 1879, Mr* Spottiswoode • published an account 
of some experiraents, in which a 20-ineh coil was excited by 
means of the current produced by De Meritens^ dynamo machine^t 
worked by a 3i horse-power gas-eugine< This machine gives 
nU^tnate curreats wliose direction is revei'sed about 16 x 1300 
= 20,800 times per minute, and therefore no contact breaker 
or primary condenser are required. 

This method of working gives secondary currents having gmat 

quantity/' 

With a 20 -in eh i-oil the spark is about 7 inches long, and has 
the *^ full thickness of an ordinary cedar pencil/^ The discharge 
is extremely regular, and can be used for spectroscopio purposes 
without a secondary condenser. 

Djschahob in Eabefied AlB. 

When the discharge either of a coil or electrical machine is 
passed through a tube, or other vessel connected to an air-pump^ 
it is found that as the pressure diminishes the length of spark 
which can be obtuiued increases. A great many experiments have 
been made to determine the exact law according to which the 
spark length increases as the pressure diminishes. 

In 1834, Sir Wm. Snow Harris stated| that, other things being 
equal, the lengtli of the spark which an electric machine or Leyden 
jar will give in air varies in the mmple inverse ratio of the pressure. 
He however gave no tables or figures in support of his law. 

^ Phil. Mnif., 1879, p. 390. 
t Chapter XL. 
I Phil. Traim,, 183-1. 
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In the experiments made by Masson,* the ipark passed 
either between two balls in the air, or between two similar balls 
ioside a glol»e in which a more or less complete vacuum could 
be produced* Tite distances hetweeu the balls could b^^ varied, 
as well as the pressures. Within the limits of his experimeGtsj 
AI, Masfi*>n found that the length of spark was inversely propor- 
tional to the pressure. The greatest leugth of spark which he 
used was 11*1 millims. 

In lS4-i M. Knochenhauerf worked with a constant length of 
spark of about | inch,{ and measured the electric density required 
to produce a spark in air at various pressures. Within the 
limits of his experiments he found that the ratio of the electric 
deniity required to produce a spark, to the pressure of the air, 
increases sensibly as the pressure diminishes- Now the length 
ef spark is proportional to the electric density; and therufore 
Knochenhauer's results show tliat the law given by Harris und 
Masson does not hold for all distances and pressures. 

Wiedemann and Kuhemann^ found a purely empirical formula 
for variations in the lengths of sparks where the longest spark 
was 9 95 raillims» 

Gouddn's Experiments, 

At the Dublin Sleeting of the British Association the present 
writer gave an account || of some recent experiments which he has 
made on the subject. In them an at tern [it has been made to 
determine tlie ratio of the spark-length to the pressure fur dis- 
tances ranffing from 6 inches to 30 inches by means of one and 
the same apparatus^ The ex|>eriments dilfer from any former 
experiments with which the author is acquaintedi in the fact that 
an induction coil was used as the source of electricity instead of 
an electric machine. 

Apparatus used. 
The coil was the 17-inch coil already mentioned (Plate 

• *' Anniileji tie Chimie/* 3* B^ne, t* Jii. s or Mascart, ** Eleetrii^it^ 
Statiqtip,*' t, ii. j>, 94 

t I'^g^* ** Ann/' Iviit p* 2S9 ; or Mn^cart, t. ii. p. 9fi. 

X He tioes itat itiiie the length of epnrk he tis(>d, but gires the height of 
lib whole Apparatus, and & drawing which, if it is to acdie, abows tJiat the 
dtr ch iirg^"g balls were ftbout \ inch apart, 

% Maw^H, t, p. 

W Fhil. Mag , Sept 1878, p. Abstna-t ta E A Report, ]S7R, p. 43a 
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It was worked by 10 qimrt cdls of Grove'a battei*y arranged 
in series. It was provided with a vibrator and with a clock 
urjiitat't^breaker, either of which could tie used, 

Tkc Air-pump was of the ordinary Tuit's construction. 

The Diichargiuf^ Ttde$, — These consisted of two cylindrical 
gluss tubes about 4 feet (I "33 metre) long and nearly 8 inches 
diameter. At one end of each was a tap, the brass pipe from 
which ended in a ball which formed one of the dfschargiiig 
terminals. Holes in the side of the brass pipe admitted the air 
from the tap to the tube At tlie other end of each to be was a 
etiifTing-box, in which a brass rod slid ; at the end f>f the brass rod 
was a point which could either be placed in contact with the ball 
or withdrawn some 3 feet from it The end oi the rod was kept 
always in the axis of the tube l>y means of three little glass arms, 
wliich were inserted into an ebonite collar fixed on the discharg-ing 
rod a little behind the point. The two tubes were supported 
ill a horizontal position, parallel to each other and about 18 
inches apart, on Ibnr ebonite legs about IS inches high. The 
tubes were joined to the air-pump by means of the pipes and 
tJips shown in fig. 109, which were so arranged that the 



Wirrt to FiiZ 4^iHinry\ 
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Fig. im. 

tnhcB could be quickly connected to each other, \o the external 
nir, to a gas-holder, or to the pump. Between the tubes and 
the pump the metxd pipe was cut, and a piece of glass tubing 
about IH inclies Umg, well varnished with shellae, wa^ inserted, 
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m that the electricity tni^lit not pa?s to eartli through Iho 
putup • 

The ExPERiM£Nm 

When the tubed were shut off from the pump, air could always 
let into the ^lase pipe to prevent the discbarge passing to 
earth inside it, as it would do at low pressures. The disbmce 
between the point and ball in each tuhL* was ineajsuretl as i'ollows : — 
They were placed in contact, and an ink- mark was made on the 
discharging rod just outside tlie collar of the stnfRng-hox* When 
the rod %vas ?lid out^ the distance of this mark from the ctillar 
was equal to the distance between the point and ball. The 
pressure was g^iven by a U-gau*^, about 4 feet hii^h, attached to 
the air pump at one end, open to the air at the other* 

The pressure P was given by the formula — - 

P = {height of bwometer] [d'lWervnee of le^-el of tnerctiry in the two iimis 

of the Uj, 

Before hein^ admitted into the tubes, the air w^as dried by 
being drawn through sulphuric acid. When it was de&ired that 
the pressure of tlie air in the tube should equal that of the ex- 
ternal atmnsphere, air bubbled thrnug^h the acid as long us^ the 
diflerenee of pressure inside and outside the tul>e exceeded that 
erf the inch of iieid which had to be displaced, and then the tap 
was opened direct to the outi*ide air. The external diameters of 
the tubes were about 2'^^ iind 2*76 inches respeetivcly, and the 
diameters of the balls '94 and l>i inch. 

In the experiments, one of the tubes (A) w^ns left open to 
the atmosphere^ and its di^e barring point placed at a standard 
distance either 6, 8, or 10 inches from the ball; and the other 
tube (B) being nearly exliausteil, experiments were commenced 
at the low pressure, and then a little air w^as let in between cuch 
cibser^'^ation. The tubes were so connecte<l to the coil that the 
discbai^e would pass in whichever tube offered least rcsisturjce. 
The discharging distance in B was then varied and adjusted to 
the 9kwied distance, which cnusi^d the whole disclinr^i^ to pass in A, 
This distance having been ntttcd, the point^^ in B were brought 
n^^ re r t oge t he r till t hey re acli ed the Iqh ged d i stance at w h i c h 

* Mr. App$i ihfarma me thnt it is injurloait to the coil to connect either 
leeoadary lenaiiml to earth when umng long spiirki^. 
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the whole discharge passed ui B,* The inean of Uk^c two dis- 
tances was taken as the distance which^ at the pressure then 
being worked withi interposed in B a "resistance " equal to that of 
thest;indard 1eng;th in A of air at tlie pressure of the atmosphere. 
Let us call this mean, mean B spark/' Now, if the law that 
the spark- length is inversely proportional to the pressure holds, we 
should have for the same series of experiments — 

{mean B spark j fprepsure in B} = const ; 

and to compare different sets raade with different distances in A 
and with the barometer at different heights, we should have — 

iTnean B spark} Jpressurt in B} ^ 

{diHtanctj in A] {height of bnroinett^rj 

If the two tubes and the discharging points were precisely alike, 
this constant would be unity. Any slight difference in the shape 
of the points and balls would cause it to differ from unity, but 
would not affect its constancy. 

Results, 

The table (pp* 60, 61), which explains itself, gives the 
results of sevei'al setg of experiments arranged in ascending order 
of pressures. 

The results which I deduce from it are : — 

(I) From a pressure of about 11 inches up to that of the 
at m osphere H a rr is's 1 a w ap p roxi m atel y h old s good. No va r iati on 
from it indicating any other law is observed, 

(!^) No law can be said to be more than approximately true ; 
for when tiie density has almost reached the discharging limits 
any slight accidental circumstance, such as the presence of a 
grain of dust, a little burning of the point by the last dtscbarge, 
will cause the discharge to take place. Professor Clerk 
Maxwell has compared this experiment to the splitting of a piece 
of wood by a wedge. It is possible to determine the average 
pressure on the wedge which will split the wood ; but in any 
particular experiment it is impossible to say that the wood will 
split exactly at tliat pressure. 

(3) When the ] pressure is diminished below 1 1 luehes, the 

• Tlie fact Ihftt the discharge only divided itaelf bet^vei ii the two tub**, 
when the " resiataacea " were a I moat equal < confinua Mr. De La Rue a discovery 
(v nL ii, pege 82) that disraptive discbargea da not obey Obm'is kw. 
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prodoct m colutnti VII, rapidly diminishes. This shows that 
at loir pressures the spark produced by a g^iven eleclro^motivc 
force is much shorter than u required by Harris's law, or that 
the electro-inotive fon:e Required to prtKlu^e a spark of given 
lifngtb is at low pressures greater than that required by Hurrisls 
law4 This agrees with what Mr. De La Rtie has shown 
(vol* ii* page 8^), namely, that at all pressuresj however low^ the 
discharge is disruptive, and none of it passes by conduction, If 
any portion could at low pressures pass by conduction^ we might 
expect that a smaller and not a greater electro- motive force would 
be required than that calculated by Harris's law from ejtperi- 
tnents at high pressures. 

Sir Wm, Thomson*^ Experiments, 

It is iute resting to compare these results with Sir William 
Hiomson's historical experiments "On the Electro- motive Force 
required to produce a Spark."* 

Id these experiments the potential or electro-motive force 
required to pro<Iuce a spark was measured by an absolute electro- 
meter.f The following table of results was obtained : — 



Len^h of spark 

S. 


(in arbitrary amis). 
KM F. 


El^tKknK^tire fcirce 
pier inob of mir (m 








■007 


2-4105 


3199 


•0105 


30000 


28d7 


■Oils 


3 1622 


275 


014 


3 605& 


257-5 


-017 


4 00UO 


235-3 


018 


4-3689 








E^8-a 




63215 


21 41 


•031 • 


70710 


lioyo 


0385 1 


774SJI 


20J 3 


■cm 


83666 


2fH-l 


■0445 




2010 




9- 1868 


197-6 


'052 


100000 


1923 1 


055 


104880 


1907 


*058 


109&44 


188*9 


■OI3O 


11 4017 


1900 



• ** FApen on Elect to- sta tica Mfl^etism,** p. 24T ; Proc Roy, Soa^ 
1860, voL X. p. 326 ; Pbtb Mi^g.p I860, 2[id half year, 
t ToL L 55, 
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The first column (od pag-e 59) ;^ives the length of spark in inches^ 
the second gives the corresponding electro- motive force, and the 
till I'd is the ratio of the latter to the formerj ami gives the electro- 
motive force per inch of air at the diflei-ent distances. If the 
electro-motive force required had varied directly as the air space^ 
the thii^d column would have been constant. 

It is seen, however^ that the last column is by no Djeans 
constant; but the numbers show a very curious and unexpected 
result — namely, that greater electro- motive force per unit length 
of air is required to produce a spark at short dtstanceB than at 
long ones ; or, if we adopt Faraday's view that the tension exists 
in every part of the air^ they show that air in a thin stratum has 
greater strength than when it is in a thick one. 

It wnll be seen that my results (pages 61, t>^) agree very well 
with Sir William Thomson's ; for he writes, '* Greater electro- 
motive force per unit length of air is requimd to produce a 
spark at short dkt^ncet than at long" For the words in italics I 
substitute "at low pressures than at high/' We may then both 
write "with a low air 'resistance' than with a high one/^ or 
" with few air particles between the points than with many/' 
Sir William Thomson says of his result, " It is difficult even to 
conjecture an explanation I can only say the same of mine* 

Dk La Rub and Mollee's Expehiments, 

On August 23rd, 1877, Messrs, De La Rue and Muller com- 
municated to the Royal Society * a paper, in the early part of 
which they describe a series of experiments on the " striking 
distance " — that is, the length of spark obtainablpj from batteries 
of from lOSO to 8040 chloride of silver cells, in various gases, 
and with terminals of various materials and shapes. 

nie spark-leDgtha were measured by means of the discharger 
A B (fig, 170), which could be placed inside the receiver G G' 
of an air-pump, when it was desired to surround it with an at* 
m OS p he re of any gas. 

The discharges took place between the point P and the disc 
.D* Terminals of other shapes could be substituted for this point 
and disc* 

To measure the distance between P and D, the micrometer 
• Prc»c Eoy. Soc., xitj,, 1877, p. Pbil Tniaa., 1879, vol dxk. 
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btiad A vfxis read when a spark was just able to pass, and then 
the screw-head was turned till P and J> just came into contact. 
The micrometer A being" ag-ain read, the differenoe of the two 
I'eadings gave the striking dtstance." The position of contact 
betw^een P and D was determined by arranging 2 cells, so that 
their current, which was shown bj a det-eetor galvanometer, passed 
when eontact was established* The rod which w^orks in a 




0tuffiDg-box, enabled the acrew-head A to be turned without 
opening the receiver- 

Tlie follomng table gives a eummarj of the results ob- 
tained by Messrs. De La Rue and ^Miiller, for discharges taken 
between two spherical surfaces. 

For purposes of comparison, the numbers given in Sir Wm, 
Thomscm's paper^ in another table to that on page 59, have 
been reduced into volts, and are given in the black figures. 
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It will be seen that Mr. De La Rue's results oj^ree in the 
main with Sir Wm. Thomson *s, but that the diminution Is leea 
rapid. 

plain j^umberSj Chloi'ide of Silver Butter^*^ 
Slack Ni^mher^t Sir Wm, ThomJiona Results. 
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6040 



88,060 
84.590 
61.090 
56,010 
52,050 
48.660 
47,320 
43.210 
44,460 
42.210 
41J80 
40.180 
40.160 
39,420 



80,230 
77,000 
78,660 
67,260 
00.220 
45,450 
43,210 
41,870 
42,250 
40,490 
30,630 
39,310 



Djschauge IK DirrEaExT Gases. 

On May 17, 1877,* Messrs. De La Rue and Miiller stated 
that the length of spark given by a battery at ordinary atmo- 
spheric pressures in the following ^ases is the longest in the 
order in which they are enumerated— hydrogen, nitrog-en, air, 
ostygenj carbonic acid — it being nearly twice as long in hydrog^ii 
as in air. 

The spark tloes not appear to be dependifnt on the specific 
gravity of the gas, but may have some relation to its viscosity, 

Vacuum Tubes, 

When the pressure of the air is less than about 15 inches of 
mercuryj the appearance of the discharge changes considerably. 
The whole gas within the tube glows, and if the light b^ 
examined with a spectroscojiej it will be seen to give the cha- 
meteristic spectrum of the gas. 



♦ Prwj. Roy. Soe., ixvi., 1877, p. 227. 
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When the exhaustion is eontiiiued by a mercury pump till the 
pressure is only n very small frac^tion of a millimetre, the whole 
tube is filled with n bri|?ht li^ht, of which the eolonr varies with 
the nature of the resiUuiil ^*tis in the tube. 

If any fluorescent substances ure placed in the tube or surround- 
ing it — if^ for instance, a portion of the tube passes through a 
sohittou of sulphate of quintue, or part of the glass be coloured 
with uranium, they will glow witb their characteristic coIouto 
when ilium inat-e*l hy the elet:tric discharge. 

In these " vacuum tubes," as they are called, the electrodes 
usually consist of plutinum or alumiuium wires, passed through 
the glass, which is then fused round them. 

Platinum is particuhuly suitable for this purpose, because 
iU expansion rate is about the same as that of g^ss, and, 
therefore, it does not crack out of the glass on cooling. A 
little opening' being left at one side of the tube, the glass is 
drawn off into a capillary tube and attiiched to a Sprent^el air- 
pump. 

When the exhaustion has been L-arried as far as required, the 
capillary tube is heated in a blowpipe flame till it softens^ when 
it is drawn off and so elosedj a process which is assisted by the 
pressure of the external air, 

Plate XXXV. represents a tube in the possession of the author. 
The Fpiml portion near each end passes through a solution of 
sulphate of quinine contained in a wider external tube. The 
green portions are coloured with uranium. 

The red shows the natural colour of the discharge in rarefied 
air. The sulphate of quinine is quite colourless by ordinary 
daylight, and the uranium very nearly so. The illumination of 
these portions of the tube by the discharge shows that the latter 
is peculiarly rich in the ultra violet rays of the spectrum, for it 
is these which produce fluorescence.* 

It is observed that only one of the bulbs at the ends is 
strongly illuminated, Jt is the one connected with the 
negative electrode* On reversing the current, the other is 
illuminated. 

^ Set Lomnipl, " Optica and Lig W ch. xLiL InteriUiiioaal Scientific Stries 
(K^gan Paul). 
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Effect of Magnets. 

It is found that the discharge in rarefied gas is attracted and 
repelled by a magnet in the same way as a wire carrying a 
current subject only to the differences caused by the fact that 
the wire is rigid and the discharge flexible. 



CHAPTER XXXV. 



STKLE. 

It is observed that when the vacuum tnhe ia made somewhat 
narrow, as, for instance^ wlien it is of the form shown in fig. 171 



tbai in the narrow part the stream of light is not continuonSj hut is 
separate into a number of discs of light 

Under certain circTi instances these discs are also observed in 
larger tubes. They are called "strijB^' or stratifications. Their 
eanseis not yet fully understood* Mr. Spottiswoode, Mr* Dc La 
Vine, and Mr. MilHer have been for some years investigating 
the subject, and most of what is now known about it is due 
to their labours, and to those of Mr, Gassiot, 

Mr, Spottiswoode's great coil, already described (voh ii. page 
49)j was constructed especially for investigations of the striiej btit 
it has only lately been completed, and we shall have therefore to 
wait a little longer for the important discoveries which no doubt 
will he made by means of it. 

The following is a summary of the present state of our know- 
ledge on the subject r — 

EXPERIMEKTS OF GaSSIOT, 

On May 24, 1859, Mr, Gassiot communicated to the Royal 
Societj^ the fact that an induction coil is not necessary for the 

♦ Prjc* lli»y. Sdc., Tol. X. p, 30, 
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production of striic. He found that a water battery of 35^0 
insulated cells would produce a constant sucees^toiL of sparks 
between two copper discs ^ inch apart When its poles were 
connected to the ends of a carbonic acid vacuum'^ tube, whose 
electrodes were some % inches apart^ a stratiRed discharge was 
obtained- 

The strifie were also observed when 400 cells of Grove's batteiy 
were used. 

Caebohto Aoin Vacua, 

These carbonic acid vacua* were obtained as follows : — A tube, 
open at both endSj bad one end connected to a Spren^el 
pump and the other to a receiver, containing carbonic acid* 
Some caustic potash was placed in the tube. When all the air 
had Iteen refdaced by carbonic acidj the end of the tube next the 
receiver was sealed. The tube wus then exliaueted as com- 
pletely as i>ossible, and the second end sealed. On being heated, 
the caustic potash absorbed nearly the whole of the residual gas, 
and an extremely perfect vacuum was the i*esulL 

ExPBKiMEKT3 Continued* 

On Peb, 6, ISGO, Mr. G^assiot made another eommunicatioii 
to the Royal Soeietyjf in which be described some experiments 
made with 51^ cells of Dan ie IPs battery , witb which be also 
obtained st ratifications, 500 cells of tliis battery seems about the 
minimum number which will show this phenomenon, as with 4S0 
Mr. Gassiot was unable to observe it- 

When condensers, consisting of from 110 j^ards to 16 miles of 
submarine cablej were connected to the tubes, the light in the 
vacuum tube lasted^ after diseonnectiun from the buttery, lor 
-from a time too short to be mea*tured with the 110 yards, to 
\\ seconds witb the 16 miles. 

Mr* Gassiot finally concludes that the stratiTfied dieeharge 
of the induction cuil arises from a force acting on highly at- 
tenuated but resisting media ; imd that the same explanation iti 
also applicable to dtseliarges of the voltaic battery in vacua^ and 
that the fact of this discharge having been ascertained to be also 

• Carbonic Acid Tacua; Phil. Trans,, 1859, page 137* and Bakeriiin Lec- 
ture, Pliil. Trans., 1858, p. 1* 
t Proo. Roy, Soc., vol p, 3&3. 
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stmtiBcc) Iea<ls to tlie conclusion tliat tlie ordinnry dkehargu 
of the voltaici bittery is not continuous, bnt iotermitletit : that 
it consists i>f a series of pulsations of greater or less intensity 
according to the resistance in the chemical or metallic elements 
of the battery, or the conducting media through which the dis- 
charge piisses,* 

On December Uth, IHfi^j Jin Gassiot announced + that the 
ti limber and position nf the strise ia altered by alteriLig; the re* 
St stance in circuit 

Plates XXX VL, XXX VIL represent some of the appearanees 
observed in three ditfereut tulx^iSj as the potash was heated or 
cooled^ and the resisstnnce in circuit varied, 

Mr. Gassiot found that when tiie pressure in the tube is ex- 
tremely low, the discharge prefers to pass through even a greater 
length of air at atmospheric pressui^* 

At the end of his paper Mr, Gassiot saysj May not the 
dark bands be tlie nodes of undulations arising from similar 
impulses proceeding from positive and negative discharges; or, 
can the luminous stnitifications which we obtain in the closed 
circuit of the secondary eoii of an induction apparatus, and in 
the circuit of the voltaic battery, be the representation of 
r ' ' ivhidi pa§s along the wire of the former^ and through 
Lfy of the latter,' — impulses probably generated by the 
action of the discharge along the vvires?'^ 

£xPEBiM£NT:3 OF La Ru35, MJlLEK, AND SPOTTISWOODE. 

On April 8, 1876, a paper was read % by Messrs. De La RuCj 

tiller, and Spottiswoode, describing cx^icriments with 1080 
eelN of the chloride of silver battery (vol. i, page 216). 

With it several condensers were used ; one of them consisted 
of J450 yards^ of wire, others of sheets of tinfoil. It was found 
that tubt^s which gave no fitratifieations with tl»e battery, gave 
them at once w^beu a condenser was added. 

It then oceumd to the investigators that possibly stratilica- 
tjons accompanied variations in the battery current > and this 
was found to be the case. The means adopted to ascertain this 
wefie as follows : — 

• Proc. Eoy. Soc^ voh i, p. 401 
t n>id.» vol, lii. p, 329. 
% Ibid., ToL xiiii. p. 3oli, 
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The priniaiy wire of a Fmall induction eoil (figs. \1% and 173) 
( without a contact-breaker) with or without an iron corej was 
included in the Yocaum tube circmt- 



DETECTOA 



TUBE 
_8 



Another small vacuum tubcj Vj, was attached to the secondary 
wire. Now, we know that as lon^ as a steady current flows 
through the primary, there w*ouUl he no effect on the secondary ; 
but that at every fluctuation a current would be indnced iu 
the latten In the experiments it was found that whenever 
the discharge in V, the first vaciuira tube was stratified, the 
second tube V, was lighted up* Fig, 173 shows the arrange- 
ments. 

It will be understood that the secondary tube was merely used 
as the most convenient method available, lor detecting and esti- 
mating tl)e currents of the secondary circuit, 

I do not know if the experiment has been tried of omitting 
the primary vacuum tube from the circuit ; but if this were 
done, I imagine that there would be no illumination of the 
secondary tul>e. If this should prove to be the case, it would 
show, not only that the stratifi cations are produced by varia* 
tions of the primary current, hut that these variations are 
themselves produced iu the primary tube, probalOy by some 
elastic yielding of the attenuated gas, analogous to the verti- 
cal oscillations of a weight while being raised by an elastic 
oord. 
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Fig. 1731 



IE the battorf. I AA^ Blr tho cnnden^r, 

Y lb© prifnnry TiMJunm tube. ttf tlie icuHindiiry otiiL 

pp' the pdmaf J coll. | the teoondarf vacuum tube. 

EXPEHIMENTS OF SpOTTISWOODli* 

On June 10th, 18 7 5, Mr* Spottiswoode* g^ve an aceount of 
some experiments with the " high break/' or^ as he now prefers 
to call it J the " rapid break/' dedcribcd in voL ii. page 47, figs, 
167 and 168. This instrument enabled him, with an induction 
coil, to obt-ain effec'ts equally steady and equally under control 
with those obtained by the batteries. 

In this paper Sir. Spottiswoode says : — 

" With a contact-breaker of this kind in good action, several 
phenomena were noticeable ; but first and foremost was the fact 
that, in a large number of tubes (especially hydro-carbons), the 
strije, instead of being gharp and flaky in form, irregular in dis- 
trihution, and fluttering in position, were soft and rounded in 
outline, equidistant in their intervals, and steady in proportion 
to the regularity of the contact-breaker. These results are, 1 
think, attributable more to the regularity than to the rapidity of 
the vibrations. And this view is supported by the fact that, 
although the contact-breaker may change its note (as occasionally 
* Proc Boy, Soc, toL ixiiL p. 465. 
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happen*:), and in m doing may cause a temporary disturbance in 
the atnitineation, yet the new note may produce as steady a Bet 
ofstriieus the Hrst: and not only so, but frequently there is 
1 1 card, simultaneously with a pure note from the vibrator, a 
strident sound, indicating that contaeU of two separate periods 
arc beinyf made; and yetj when the strident sound is regular, the 
fltri^ are steady. On the other handj to an}' sudden alteration 
ill the action of the break (generally implied by an alteration in 
the sound ) there always corresponds an alteration in the striae, 

"It is difficult to describe the extreme delicacy in action of this 
kind of contact- breakert or ^ high break/ ns it may be called. 
The turning th rotigh or 3° of a screw, whose complete revo- 
ntion ruiiicB or lowers the platinum pin through *0^o of an inch, 
ir( snftieient to produce or to annihilate the entire phenomenon, 
A ftimilivr turn in a screw forming Ofje foot of the pedestal of the 
break is enough to adjust or regulate the stn»; and a slight 
prcBsare of the finger on the centre of the mahogany etand^ ap- 
parently rigi(l| or even on the table on which the contact-breaker 
standti, will often control their movements. 

**The discharges descrilxHl above are usually (although not 
alwayn) those produced by breaking contact; but it often happens^ 
and that mcist frequently when the strident noise is heard j that 
the curretit prtxluced by making contact is strong enough to 
cause a visible discharge. This hapiiens with the ordinary as 
with tho higli break \ but in the latter case the double current 
presents the veiy remarkable peeuliarity that the striae of one 
current are so arranged as to fit exactly into tlie intervalB of the 
other ; and, further, that atiy disturbance affecting the column of 
strise due to one current affects simiiarlvj with reference to abso- 
lute spacei that due to the other^ so that the double column 
moveSj if at all, as a solid or elastic mass. And this fact is the 
more remarkable if we considerj as is easily observed in a revolving 
mirror,* that these currents are alternate, not only in direction, 
but also in time, antl that no one of them is produced until after 
tlie eonvplcte extinetion of its predecessor* And it is also worthy 
of note that this association of striro is not destroyed even when 
the two currents are Bcpn rated more or less towards opposite 
sides of the tube by the pre^^eiice of a magnetic pole. There seems^ 
howeverj t*J be a tendency in that case for the striie of one current 
• Vob ii, page 75. 
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to advauee npon the }>ositioiis occupied by those of the reverse 
carrent^ giving the whole columii a twisted appearatice. But as 
there is no trace, so far as my observations go, of this association 
of alternate discbarges when protluced by the ordinury break j we 
seem IikI to the oonclu&ioa that a stratified disehargej on ceaaing, 
leaves the gas so dietributed as to favour^ during a very short 
interval of timCj a similar stratification on the oceuiTenee of 
another discbarge, whether in the same or in the opposite direc- 
tioii« An eicplanation of the fact that the striae of alternate die- 
charges occupy alternate and not similar posiliond is not obvious^ 
and probably demands a better knowledge of the nature of the 
etriie than we i>osses3 at present, 

*' The column of striffi which usaally occupy a large part of the 
tube from the positive towards the negative terminal have hitherto 
been described m statJonary, except as disturbed by irregularities 
of the break. The column is, however, frequently susceptible of 
a general motion or ^ flow/ either from or towards the positive 
pole^ say a forward or backward flow* A similar phenomenon 
was observed by Mr, G ass tot in some tubes with his large 
battery ; but I am nut acquainted with the exact circuni stances 
under which it was produced. This flow may be controlled, both 
m velocity and in direction, by resistance introduced into the 
circuit, or by placing the tube in a magnetic field. The resist- 
ance may be introduced in either the primary or the secondary 
circuit. For the former arrangement I have successfully em- 
ployed a set of resistance -coils supplemented by a rheostat* For 
the secondary current^ as well as for the Holtz machine, I have 
used an instrument devised and constructed by my nssistant, 
Mfi Ward, to whose inteliigeuce and skili lam much indebted 
throughout this investigation, intended for fine afljustment 
Wherever the resistancie be introduced, the following law appears 
to be established by a great number and variety of experiments, 
namely, that, the stria being previously stationary, an increase ot 
resistance produces a forward flow, a decrease of resistance a 
backward flow. I have generally found that a variation of 3 or 
4 ohms, or, under favourable conditions, of 1 or 2 ohms, in the 
primary current is sufficient to produce this effect. But as an 
alteration in the current not only a fleets the discharge directly, 
but also reacts upcjn the break, the effect is liable to be masked 
by these indirect causes. The latter, so far as they are dependent 
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upon a midden alterntion of the resistMicei mnv l>e diminished 
by the nse of the rheostat; but when thestriffiare eufficientlj sen- 
sitive to admit the use of this delicate adjustmentj some preeautious 
are iieces5arv to insure perfect uniformity of current, so as to 
avoid disturbances due to uneven contact in the rheostat itself, 

'* When the stria? are flowing, tbev preserve their mntual dis- 
tunceSj and do not underoro increase or decrease in their num ben?, 
Usually, one or two remain permanently attached to the positive 
electrode; and m the moving^ column advances or recedes, the 
foremost stria diminishes in brilliancy until, after travelliu^ over 
a distance less than the intervals between the two stria&j it is 
lost in diirkncBs. The reverse takes place at the rear of the 
column ♦ As the last stria leaves its position, a new one, at first 
taint and shadowy, makes its appearance behind , at a dt stance 
equal to the common interval of all the others : this new one in* 
creases in brilliancy until, when it has reached the position originally 
occupied by the last stria when the column was at rest, it 
becomes as bright as the others. The flow may vary very much 
in velocity i it may be bo slow that the appearances and disap- 
pearances of the terminal striae may be watched in all their phaseS| 
or it may be so rapid that the separate Btriie are no longer dis* 
tinguishable, and the tube appears as if illuminated with a 
continuous discharge. In moat eases the true character of the 
discharfje and the direction of the flow may be readily dis- 
tinguished by the aid of a revolving mirror In some tuljes, 
eBpeciidly in those whose length is great compared with their 
diameter, the whole column does not present the same phase of 
flow; one portion may be at rest while another is flowing, or 
even two conterminous portions may flow iu opposite directions- 
This is seen also in very wide tubes, in which the stride appear 
geoerally more mobile than in narrow ones. But in all cases 
these nodes or junction- points of the flow retain their positions 
under similar conditions of pressure and current i and it Uiere- 
fore seems that, under similar conditions, the column in a given 
tube always breaks up into similar flgw segments, 

*' These nodes will often disappear under the action of a 
magnetic pole. Thus if the first segment^ measured from the 
positive terminal, be stationary, and the second he flowing back- 
wards (i. from — to +), a magnetic pole of suitable strength, 
placed at the distant end of the latter, will stop its flow^ and the 
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whole cQluinE will become etaiionary throughout. An iiicmse 
in the strength of the magnetj or a nearer approaoh of it to the 
tube, will produce a general forwartl flow of the column , 

The phenomena of the flovvj as well as others of not less 
interest J are capable of hein^ prtxluced with the Holtz 
machine. 

REVOLVING Mirror. 

On MuT IS, 1876, Mr, Spottiswoode * gave an account of 
some experiments on the fitrice made with a revolving mirror. 
The break consisted of a plunger working in a mercury and 
platinum amal^m, and moved by a cam on the axis of the 
mirror J which insured contact being broken when the spark was 
in the centre of the field of view. 

Tlie axis of rotation of the mirror was vertical, and the light 
of the tube, which was also verticalj passed through a vertical 
slit. 

Thus, if the mirror were at reistj a continuous discharge would 
appear in it as a vertical line of light, whose breadth was equal 
to the breadth of the slit — a striated discharge would appear as 
a broken vertical line whose bright portions corresponded to the 
positions of the striae. 

Now let the mirror revolve : a eontinutms unbroken discharge 
would present the appearance of a sheet of light; a continuous 
striated discharge, that of a series of horizontal bars, ^vhose 
thicknesses were respectively equal to the length of the strife. 
An intermittent unbroken discharge would show a series of 
unbroken vertical lines; and an intermittent striated discharge, a 
series of broken vertical lines forming horizontal bandsj whose 
thicknesses equalled the length of the strije. The ratio of the 
thicknesses of the vertical lines to tliose of the vertical spaces is 
of course the ratio of the duration of the discharges to the 
intervals between successive discharge?^. 

\^Tien the distance of the tube fr^im the mirror, and the 
%*eIocity of rotation is known, the absolute duration of each 
disehaige can be calculated. 

Let us now fix our attention on a point of light, and suppose 
it to move vertically downward. 

We should see a diagonal line, w^hose slope depends on 

• Proc Roj. Soc„ voL p. 73* 
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the ratio of the velocity of the point to the velocity of the 
mirror* 

If the luminosity of the point were oontinuoue, this diagonal 
liae would be contijiuous \ if intertnittentj it would be broken. 

Thus we see that with the mirror we can measure the dura- 
tion of the discharges ; the interval between each j and the 
velocity of motion of tht; strise — also^ if* as often happens, several 
discontinuous discharges unite to form one apparently con- 
tinuous, the mirror will resolve it into its constituent elements. 




Fig. 174- represents the appearance in the mirror of a carbonic 
acid tube. The commencement of the discharge is at the right 

* If a b« the m^\^ wbicb tliis line ntiikes with ilie honiont«i!, and v the 
Telocity of the point of Uglitj B the angular velocity of the min'or, r the 

dutancfl from nib nf mirror to tube, we have : tan a = 
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liuiid (that 18^ the mirror was turntQ^ in the direction opposite to 
that tA the haoda of a watch}, and the negative terminal is at 
the t-op. The positive terminal is a gt>od deal below the pictnre, 
so the drawing reprt'sents the upper part of the tube during one 
complete coil die€harge. It will he eeen that the disehar^ 
commences with a perfectly regular set of strise having a steady 
downward motion. Alter a short interval of darkness, a geeond 
iet are prod need j less regular, but somewhat longer lived than 
the first* 

It will be §een that io the npper part of the tube all luminosity 
soon ceases^ but nearer the middle the discharges are repeated 
again and again. 

At the eommenceraent of the reijitm of longer duration we see 
that each stria moves downward for a short spaeej when it is 
extingai&hetl, uiid its place is taken by another^ starting from 
nearly the same point as the first* Lower down still, the motion 
of each stria eontiuues longer, aiffl it is no longer formed and 
destroyed ut the same fixed point in the tube. When this tube 
is viewed by the eye, it shows flake-like fluttering strise with a 
slight tendency to flocculence near the head of the column/' 

Each of these stri^ is, we see, composed of the elements shown 
in the approximately horizontal bands, each of which is a gripp 
of elementary stria?. The curvature of these bands shows the 
proper motion of the compound stria; : when it is downwards, 
they are roovino^ fmm negative to positive ; when upw^aixls, in 
the reverse direction. 

Fig. 175^ which rt?prescni^ another similar tube^ shows the 
proper motion of the compound striie more clearly, 

Here it is fir^t downward and then upward^ but we see from 
the slope of the lines representing the elementary striie^ that all 
the proper motion is really from — to -h, and that the apparent 
reverse motion of the compound striae is due to each new elemen- 
tary stria being formed a little further op than its predecessor. 

Fig. 176 represents the discharge of a hydrogen tube of arnica I 
form J the diameter of which varied from capillary size to half- 
inch j the capillary end being at the bottom* The positive ter- 
minal is at the top % that is, the current is in the op^msite direc- 
tion to that in figs. 174 and 175. The principal interest of this 
tube consists in showing the influence of diameter on the velocity 
of proper motion. The wider the tube, the freer, it seems, are the 
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The following are the conclusioiis to which Mr. BpottiswcxKle 
thioks " the foregoing experiments seem to lead — 

** (L) The thin Rake-like stri©j when sharp and distinet in their 
appearance, either are short-lived or have very slow proper motiooj 
or both* 

" (l^,) The apparent irregularity in the distribution of such stnie, 
during even u single diseharj^e of the coil, is due, not to any 
aetnal irregularity in their arrangement, hut to their unequal 
dumttoD, and to the various periods at which they are renewed. 
These strise are, in fact, arrang^ed at regular intervals throughout 
the entire column. The fluttering appearance usually noticeable 
IM occasioned by slight variations in position of the elementary 
stri% at successive diseharges of the coih 

** (3.) The proper motion of the elementary striae is that which 
appertains to them during a single discharge of the coil. Thia 
a|^)ears to be generally directed from the positive towards the 
DCgfttiire terminal* Its velo<5ity varies generally within yery 
narrow limits. It is greater the greater the number of eoils 
employed^ or the greater the electro -motive force of the currenti 
Id some tubes it may be seen to diminish towards the close of 
the discharge ; and even in rare instances alternately to increase 
mod to diminish during a single discharge* 

" (4.) Floceulent strise, such as are uBually seen in carbonic -acid 
tubes, are a compound phenomenon. They are due to a auecession 
of short-lived elementary striae^ %vhieh are regularly renewed. 
The positions at which they are renewed determine the apparent 
proper motion of the elementary striie. If they are constantly 
renewed at the same positions in the tube^ the floceulent strim 
will appear to have no proper motion and to remain steady* If 
they are renewed at positions nearer and nearer to the positive 
terminal, the proper motion will be the same as that of the ele* 
mentary stri8&; if they are renewed at positions further and 
further from the positive terminal, the pro|>er motion will be 
reversed- 

" (5.) The velocity of proper motion varies, other circumst^inces 
being the same^ with the diameter of the tube. This was notably 
exemplified in the conical tube. In tubes constructed for spectrum 
analysas, the capillary part shows very slight, while the moT^ 
open parts often show considerable^ proper motion. 

• Ppoc* Boy. Soc»» toI. ixt* p. 81. 
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(6.) Speaking geoerdlj, tbe diseharge lasts longer id narrow 
than tu wide tub@* In sp^trum tubes the capillary part gives 
in the mirror an image extending far beyond that due to the 
wider parts. 

** (7.) The eoil dischai^ appear?, in the earlier part of its 
de\*elopmeiit at least, to be subjeet to <^reat fluctnations in extent. 
Iti aU eases there is a strong outburst at first. This, althouj^h 
sometimes appearing' as a brig^bt line, is always, I believe, really 
stmtified Immediately after this there follows a very rapid 
shortening' of the column. The extent of this shortening varies 
with circumstance ; but when, as is often the easej it reaches far 
down towards the positive terminal, a corresponding diminution 
of intensity is perceptible in the negative ^lew, Tlie column of 
stride, alter rising agaiiii is olten subject to similar fluctuations. 
These^ wliich are sometimes four or five in number, are successively 
of less and less extent, and reach only a short distance down the 
column of striie. The rifts due to these fluctuations then dis- 
appear, and the striaa either continue without interruption, or 
follow J broken at irregular intervals, until the close of tbe dis* 
charge* 

(8.) The effect of the proper motion, taken by itself, is to 
shorten the column of stiioc. But, as we have seen, the strise are 
in many cases renewed from time to time. In regard to this 
point, the head of the column presents the most instructive 
features. After the cessation of these rifts, tbe general appear^ 
ance of the field is that of a series of diagonal lines commencing 
at successive points whieh form the bounding limit of the column 
at successive instants of time. If the points are situated in a 
horizontal line, the stria? are renewed at regular intervals at the 
same place ; and the length of the column is maintained by a 
periodic renewal of strie, a new one appearing at the head of the 
column as soon as its predecessor has passed over one dark interval. 
If the boundary of tlje illuminatetl field rises, the length of the 
column increases ; if it descends, the column shortens. In every 
case, however, the growth of the column takes place by regular 
and successive steps, and not irregularly* The intervals of the 
new BtrisB fmm one another and from the old ones are the same 
as those of the old ones from one another, 

(9,) Tbe principal influence of a change in the electro- motive 
force appears to consist in altering the velocity of proper motioD. 
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A change in the amount of battery-gartace exposed proJu(*es a 
eorrespondioff cbang^e in the (liirution of the entire discliarge, m 
well as appat'eatly in the development of some of the miuor 
detajifl of the striai* 

** (lOJ When tlie proper motion of the elementary striae exceeds 
a ^rtain amount, the striae appear to the eye to he blended into 
one solid column of lights and all trace of stratification is lost. 
When this is the case, the mirror will often disentangle the 
indiA tdtial strt^. But there are, as might well be expeo ted, cases 
in which even the mirror is of no availj but in which we may 
still suppose tliat stratitiealion exists* A variety of experiments 
have led me to think that the separation of the dischai'ge into 
two parts, viz*, the column of light extending from the positive 
terminal, and the glo^v around the negative, with a dark space 
intervening, may be a test of stratified discharge ; but I cannot 
altfirm anything certainly on this point.'' 

ExPEftiiiEHTs OF De La Rt e ato Muller* 



On Aug. SSrdj 1877, Messrs, Warren De La Rue and Hugo 
W, Miiller communicated a paper to the Koyal Society " On the 
El^tric Discharge of the Chloride of Silver Battery/^ part L* 
Part I I.f was communicated April 10, L^78, In the first part 
of this paper they give an account of the eonstruction of the 
gmt chloride of silver battery 4 which now (1879) consists of 
8040 celK The first experiments w nth it were devoted to seeing 
whether the discharge, in highly-exhausted tubes, is of the nature 
of a true current, or whether it was disniptive like that through 
air at ordinary pressnres» For this purpose they arranged that 
th€ discharge of 2 ^00 cells should pass through a circuit con - 
itfting t»f"a vacuum tube, and a large resistance. The resistance 
j^^n^ then varied, so that the strength of the current varied in 
^Bie proportion of from 1 to 135, but it was found that the difTerence 
^Bf potential at the ends of the tube remained almost alisolutely 
PRonstant. Now^ by Ohm's law, the potential along a con- 
dactor falls regularly along the resistance^ and, thereforej if 
ilia vncuum tulje had l>een an ordinary coiiductor, there wouM 
ve been a uniform la 11 of potential along the whole circuit, 

• PliiL Tri*a«„ imrt U toI cklt, p. 55, 
t Ibid., part i* voL clxix^ 15o. 
t See tqL i. p. 2ia 
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consisting of tube A B and resistance B C (fig. 177) ; and tlie line 
L M C would have be^n straight, from L to C ; as it waSj how- 
ever, it was found that however much the slope of the part M C 
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vuiied^ that of L M representing the full of potential along the 
tube remained eotistant* 

This shows that the discharge is not a case of true conduction^ 
but that even at the lowest pressure it ie dhmpUve, 

Method of ExHACsnosr, 

Vk2 next oome to the method of exhausting the tubes, so as to 
reprodnce different phases of the phenomena at with When 
tubes were exhausted and sealed once for all^ it was found that, 
after a few discharf]^es had passed, their character changed, and it 
was impossible to restore tliem to their original state. The tubes 
were therefore arranged so that the dischargee could l»e passecl 
while the exhaustion was in progress. When any particular 
phenomenon was observed, the pressure was noted, and on again 
adjusting to that pressure, the plmnomenon could be reproduced* 

Plate XXXVIIL is a picture of Mr, De La Rue's air-pumpsj &c. 
The arrangement comprises three means of exhaustion, which 
are successively employed as the vacuum becomes more perfect. 

The first is an Alvergniat high -pressure water trompe in con- 
nection with the high-pressure water-main of the West Middlesex 
Water Company, the head of water being 10 G feet ; it produces a 
vacuum to within half an inch (0*47 in, = I'Z millLms,} of the 
height of the barometer, 

The pipe leading to it Is so marked in the drawing; it is 
attached, through a cock to a four- way junction piece F, 
provided with three mire cocks, communicating one to one end 



Stria — D€ La Rue and A fuller. 



of the tube Tj one to the last drying bottle of the gas gi^nerator 
G G, and one to a nsenjiiriai gauge« The other end of the vacuum 
tube T eommnnicates by means of a Y piece to both an Alvergniat 
mpTfuiia] pump on the rig-ht of the figure, and a Sjtrenirel pump 
on tbe left, Aft^r the irompe Hps done its work, the Ahwgtiiat 
is med for rapid exhuustionj and then shut ofi" by means of the 
g]tM eoek leaving* the exhaustion to be completed by the 
Sprcngel ; the authors have obtained by ike^ump% alone in tubes 
8E inches Jong, and % inches in diameter, vat*ua of only 002 
tnillim. pressure, equal to 2' 6 mill ion ths of an atmosphere — a 
iracuum so perfect^ that the current of 8040 cells would not pass. 
Ttie apparatus is in connection with a M' Leod gau^/ by means of 
which pressures to 0*) 00 3 miUim. can be determined* Besides 
this gauge, the Sprengel and Alvergniat pumps have their own 
gsug^j wbieb read to a millimetre. 

ABSAX^eifKNT OF THE AFFAEAT0S, 

Plate XXXIX. short s the general arrangement of tbe apparatus. 
AC is ft rapid cnm mutator for sending currents alternately in 
the two dinections. K is a reversing key specially constructed 
to give good insulation with the immensie electro- motive forces 
employed. When the handle is vertical, as shown, no current 
pmocfl. Moving the handle to right or left senils the current in 
the two directions respectively through the tul>e, BB is a 
wheel-break for producing rapid intermittence, Z and Ag. are 
tbe zinc and silver terminals of tbe battery respectively. 

M {Plates XXX 11 L, XXXIX*) is a rotating mirror, consisting 
of a four-side(i prism, mounted on a horizotital axis, and provided 
witb ft multiplying wheel ; on each face of the prism is fastened a 
piece of looking-gla^. The reflection of tbe tube in the mirror 
enables one to examine whether an apparently nebulous discharge 
consists really of striai, also whether and in what direction there 
is ft flow of strise which may appear quite steady to the eye, 

Tbe observations are facilitated by covering the tube with ft 
half-cylinder of card board, having a slit in the direction of its axifl 
about I'jf inch wide, R (Plate XXXVIII. ) is a radiometer attached 
to tbe Sprengel; d d a drying tube containing sticks of potash, used 
when gas is introduced from a reservoir through the Alvergniat 

* (PhiL Ma^-» Au^. 1B74) Wti«ri tb^rnerearjcitttem is raised^ ■ portion 
nf at tbo «&tne prmurt u thsi in the tube x% lUat off ftt Ih and oom* 
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In order to save writiDg decimals, the pressures are usually ex- 
preEsed in millionths of an atmosphere written 
1 millini, oftoercurj ^ 1315' 799 
1 M = tK»7ti miiliioi* 

In the present experiments the pressures varied 
from ahoiit 20,000 M to 3 M » with less than 
about 3 M the current of 11,000 cells woald not 
pass in tube 

The exhaustion of an ordinary vacuum tuW, 
arrang^ed to give the best luminous eifeutSj is from 
2 to 4 millims*j soy 

fmm 2,000 M to 5.000 M- 
The battery power used varied from 3,000 to 
11,000 cells. 

Tubes who^e length varied from 6 or 7 inehes 
to 3 feet were itsed^ and by means of the pumps 
they could be filled with different gases as de- 
scribed. 

The most marvellous and beautiful strisB were 
observed in all manner of strange sbajies. 

It would Ije impossible in the space at our 
disposal to g"ive detailed accounts of the innumerable 
separate phenomena described in the paper* The 
student is recommended to study them in the 
" Philosophical Transactions," We have, ho%v- 
ever, i-epi-oduccd some of the pictures of the more 
striking forms* Tube 129 178) was 3£ inches 
longj and 16 inch in diameter- Its terminals 
were a ring and a wire of ulu minium. It was 
charged with hydrogen. 

Plates XL,, XLI., XLII. are s^k etches of snme of 
the phenomena obser%a*d with this tube in different 
itages of exhaustion^ and with different battery 
powers, 

premd In the «tTnali gi^duat'^ chamber^ at tli« tup of tUe 
bulb to d liferent dt«g^rt»t*s in oiift (^^ftug<*, frtjm jj'jj to 
according AS the ^» is le&a or more ]^re5e«l \ the mercury 
at the same time riHea in the preosure coluinn and itB 
heig:bt affords the iiwiTui of detemninlTig the p^^^88u^e of tbs 
ga» in the tube» Tublea have been prqwirt-d to gire the 
Talue of the reading b^ inapecrttoa. 
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Thefie corious-ehapcd figures ate all mas^ei of light of Turions 
colours I " lummous entitii^ the authors of the paper call them. 
Sometimes tbey are iu ifiotion, sometimes at rest. 

Plates XLIIL, XLIV., XLV* are engravings from photo* 
graphs of the discharges^ token actually from the tubes, 

Mn De La Rue gives histuries of all his tubes, and deseribes 
all thii phatses as they occur. He and Mr. Miiller thus sum up 
the mults of all their experiments : — 

" 1, The discharge in a vacuum tube does not differ essentially 
(mm that iu air and other gases at ordinary atmospheric pres- 
sures ; it eaonot be considered as a current in the ordinary 
acceptation of the term, but must l»eof the nature of a disruptive 
discharge, the molecules of the gas acting as carriers of electri- 
fication* The gas€a in all probability receive impulses in two 
directions at right angles to each other, that from the negative 
I«?ing the more continuous of the two** Metal is frequently 
carried tmm the terroinalsj and is deposited on the inside of the 
t4]bej to as to leave a permanent record of the spaces between the 
strEta. 

*^ 2. As the exhaustion proceeds, the pcteutial necessary to 
canse a cunent to paFs, diminishes up to a certain pointy whence? 
it again i n creases p and the strata thicken and diminish in nnmber, 
until a point is reached at whichj notwithstanding the higli 
electro-motive force available, no discharge through the residual 
gas can be detected. f Thus when one pole of a battery of 804(J 
cells was led io one of the terminals of tube H^l, w^hicb 
has a radiometer attached to it, the other terminal of the tube, 
distant only 0*1 inch, being connected through a sensitive 
Tliomson galvanometer to the other pole of the battery (earth) , 
the eitrrent observed was not greater than that which was found 
to be due to conduction over and through the glass. Although 
no current pa*jsed, the leading wiresij acting indue tivdy, stopped 
the motion of the radiometer^ as has been ol^served by Mr. Justice 
Grove. 

"S. All strata have their origin at the positive {>ole. Thus in 

* Be Etie mA Muller, Fhil Trani,, vnl elxix. pp. 90 ana 118. 

f From abiieTTatione with prei^utv rarjtn^ from 6'4 t^ milliuQfl. 
Wiedemann and BuheiQamn eon dude that the afcumulntton requisite to 
ptodace diAch&rge ]Dcrea«e9 with the prestar^ at fir»t quickly, then mora 
flow 1 J \ towards the tipper limit of their experimenU \l becomes aearlj pro- 
|Nntioiial to the pressures. See also ToL ii. pp. 55 to 64 abave. 
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a given tube with & certain gas, there is produced at a certain 
pressure, in the first instaupej only one luminosity, which forms 
on the positive terminwlj then as the exhaustion is gradually 
carried lurther it detaches itself^ mo\nng towanls the negative, 
and being followed by other luminosities, which gradually increase 
in number up to a certain point. 

" 4, With the samp potential the phenomena vary irregularly 
with the amount of currenti Sometimes, as the current is 
increased, the number of strata in certain tubes increases, and as 
it is diminished, their number decreases ; hut with other tubes, 
the number of strata frequently increases with diminutiou of 
current. If the source of the current is a charged condcuserj the 
flow being from one of its plates^ through resistances and the 
tube^ to the other^ then, as the potential of the condenser falls^ 
and the current diminishes, the number of strata alters ; if the 
strata diminish in number with the fall of potential, then the 
stratum nearest the positive wire disappears on it, the nest then 
follows and disappears, and so on with the others ; if, on the 
other hand, the charge of the condenser is very gradually 
increased, the strata pour in, one after the other, in the most 
steady and beautiful manner from the positive. 

5* A change of current frequently produces an entire change 
in the colour of the strata. 

" For example, in a hydrogen tube from a cobalt blue toapink. 
It also changes the spectrum of the strata ; moreover, t!ie 
spectra of the illuminated terminals and the strata differ, 

" 6* If the discharge is irregular and the strata indistinct, an 
alteration of the amount of current makes the strata distinct and 
steady. Most frequently a point of steadiness is produced by 
the careful introduction of external resistance ; subsequently the 
introdnction of more resistance produces a new phase of unsteadi- 
nesi, and still more resistance another phase of steady and dis- 
tinct stratification, 

" 7. The greatest heat is in the vicinity of the strata. This can 
be best observed when the tube contains either only one s^tratnm, 
or a small number separated by a broad intervaK There is 
reason to believe that even in the dark discharge there may be 
Btrata ; for we have found a development of heat in the middle 
of a tube in which there was no illumination except on the 
terminals. 
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8. Even when strata are to all appearance perfectly steady^ a 
pulsation can be detected in the current ; but it is not proved 
that the strata depend upon intermittence. 

9. There is no current from a battery through a tube divided, 
by a glass division into two chambers, and the tube can only be 
illuminated by alternating charges. 

10. In the same tube, and with the same gas, a very great 
variety of phenomena can be produced by varying the pressure 
and the current. The luminosities and strata, in their various 
forms^ can be reproduced in the same tube, or in others having 
similar dimensions. 

"11. At the same pressure and with the same current, the 
diameter of the tube affects the character and closeness of strati- 
tication. 

" We defer for the present the suggestion of any theory tx) 
account for stratification^ in the hope of being able to confirm ex- 
perimentally certain views which we entertain as to the cause of 
this phenomenon. 
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CHAPTEE XXXVI 

03i THE SENSITIVE STATE OP DISC HA EC E8 THROUGH BABBFIED 

GASES. 

Ok April 1879, Mr. William Spottiswoode aud Mr. J. F. 
Moulton communicated to the Royal Society a pa|}eir On 
the Sensitive State of Electrical Discharge tlirongh Rarefied 
Gases/'* 

Dei^inition and Desciuptiok* 

It has frequently been remarked that the In mi nous column 
produced by electric discharges in vacuum tubes occasionally 
display B g^reat Bensitivencss on the approach of a fin^r or other 
conductor to the tube. The exact effect of such approach varies 
considerably with the circumstances of the discharge. In many 
instances the luminous column is repelled \ in otliers, and espe- 
cially when the fint^er is brought into actual contact^ the column 
is severed ; and in the latter case, in addition to the luminosity 
previously present^ there often appears proceeding' from the in- 
terior of the tubcj at the point where the finger restSj the blue 
haze which usmilly characterises the negative end of a diecharg^. 
In some cases the discharge is so powerfully afleeted that the 
well-known green or blue fluorescence appears on the side of the 
tube opposite to the point touched. 

The deforce of sensitiveness varies between wide limits. Dis- 
charges frequently occur in which close observation is necessary 
to detect any trace of itj while others may be produced so sensi- 
tive that the magnetic action of a powerful electro- magnet \% 
comparable to the action which is due to it as a conductor, Tlie 
condition in question does not appear to be confined to any par- 
ticular gaseous medium or to any special form of tub&i and it is 

• Phil. Trans., 1879, page 166. 
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in fact probable that ia almost any tube senstiiveness may be 
produced by adopting^ suitable preeaations. This state of seusi* 
tiveneBS may be exhibited by Gratified discharges^ but it is more 
eommouly associated with those which show^ no clear traces of 
«;t rat location. It is not, howe|cr, uuivei'snlly present in either 
kind of discbarge. 

The present pa|ier is devoted to an examination of the cauBes 
which produce this statCi and the laws which regulate it. 

Due to iNTEaMirrHKcB* 

Tlie first result which the authors arrived at was that 
The Seiuithe sfaU is due la a Periodic InfermiifeMce ctmiider- 
Me rapidity and r^^ulmriff^ the qnautifif of £leciricifjf iu eaei 
indi0idmlJ)ii<kar^€ i^eiu^ mjiamfl^ mall to permil thi Dts^kar^ti 
t& he imsiamtMeoMS^ 

The simplest way to produce inter mittence is to illuminate the 
tube by means of a Holtz machine or other constant source of 
electricity^ and to interpose a small air-spark in one of the wires 
leading trom the machine to the tube (fig, 179). 




As soon as the atr-spark is made to intervene, the discliarge in 
the tube becomes sensitive; and this seasitivcness may in general 
be increased by increasing the length of the air-epark, until the 
diecharge becomes visibly intermittent, so as no longer to appear 
to the eye as a steady continuous discharge, Alt bough this is 
by no means the only way in which the sensitive discharge can 
be produced, it is the one which is the most generally convenient 
for the purposes of es peri men t ; and it may on that account be 
regarded as the typical motle of production. 

Indications of the sensitive state can also be produced by 
the use of an induction coil in connection with a large con- 
denser* 
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If the diacharge be allowed to pass through the ttibe while the 
coil is at work J a certaia amount of fiensitiTeneas will usually be 
visible* But if the coil he stopped and the current allowed to 
tluw from the condenser tlirough the tube without disturbanets 
from the eotrance of the coil discharges, the discharge will in 
general be found to have lost all its sensitiveness* 

Again, certain tubes appear to render the discharge from a 
continuous source sensitive without the necessitj of artificially 
producing intermittence in the current* 

Again, a sensitive discharge may be produced by connecting 
one terminal of the machine with one terminal of the exhausted 
tube, and the other terminal of the machine with the outside of 
the tube (fig, ISO), If the current be then permitted to pass 




ng, ISO. 

Wtween the terminals of the machine by leaping a considerable 
distance (say half an inch) in air, so that the discharges in the 
tube are caused partly by conduction from one terminal of the 
machine and partly by induction due to the rapid alternations ot 
high and low tension in the wire from the other terminal of the 
machine to the outside of the tube, the resulting discharge will 
be found to be sensitive* 

Again, rapid intermittence and sensitiveness in what would 
otherwise be a continuous discbarge may be produced by the use 
of a wheel-break (vol ii, page 47)* If the wheel-break be inter- 
posed in the circuit of a Holtz machine when producing a lumi- 
nous discharge in a vacuum tube, and the break be worked at a 
considerable speed, so as to cause the current to be interrupted 
some 400 to iiOOO times per second, the discharge becomes highly 
sensitive. The wheel -break is used as a ^hunt, viz., so as to 
divert from the tube the current given by the machine during 
the time which tlie platinum spring rests upon the metallic por- 
tion of the wheel. In this way the current is never actually 
broken^ and one great advantage of this arrangement is that it 
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nmply produces iutermittencc iu the discharge in the tube 
withottt interfering with it in any other way* 

Another method of produeitjg the sensitive state is by the use 
c*f a ^* Rapid Break/'* If sutih an instrument be used with uu 
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induction eoii, the discharj^e, though often beautifully stratified, 
is intensely sensitive. The lowest limit of rapidity with whieh 
the flutljors have produced slraiijied sensitive discharges in this 
way is 240 breaks per second. 

No Sensitiveness without Iiiteemittence, 
The authors examined a great many sensitive discharges by 
means of a telephone and a revolving mirror, and they found that 
in eveiT case intermittence was necessary to iiensitiveness. 

The re%*cilving mirror was used in the manner described in vol. ii. 
page 75. If the body of the tube containing the discharge be 
hidden by an opaque screen which contains a narrow longitudinal 
slit, and the image of this slit be obsericed in a rapidly revolving 
plane mirror, a series of bright and black bands appear whenever 
the di?icharge ie sensitive, shoiving that there are intervals be- 
tween the luminous discharges during which the tube is dark. 
If the ordinary n on -sensitive diseharge be observed in a similar 
way, there are no such dark bands^ and no available speed of the 
• Vtii ii. imgw 47* 
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mirror suffices to show any Lreak in the uniformity of the Iiimi- 
noas image of the slit. The occurrence of these durk bandii 
shows conclusively that the dischu;i'ge in which they appear is 
intermittent and discuntinuous, 

When the telephone is inserted in circuit with a non -sensitive 
tulie, there is Bomttimes a rushing' sounds hut in a vcrv large 
number of cases there is absolute silence. But as sorm as the 
diBcbarge becomes seusitivej the silence is broken by a shnll 
sound ; or if the rushing sound of which we have spoken pro- 
viously existed, there is a sudden change in the ch a racier of the 
sound, which usually becomes musical, The pitch of the note is 
always higbj and naturally varies with the circumstances of the 
discharge, and it is therefore probable that, in cases where it is 
not heard^ its pitch is too high, and the note itself is possibly too 
feeblcj for auJibility. When the air-spark is again abolishiHl, 
the note ceases, or gives way to the rushing sound mentioned 
above. 

It is observed that all the metliods of producing the sensitive 
state agree not only in the intermittent ebaracter of the discharge, 
but also in the shortness of duration of the individual discharge 
themselveSj and this has induced the authors to regaid i/rtmfp of 
^Hfaiton as much an essential feature of the individual dischai^jfes 
that produce the &enKitive state rapidity or regiJarity of in- 
terval between these dischargCB. 

The latter characteristics are of more importance for main- 
taining the persistence of the sensitive state during a finite 
interval of time than for actually producing it, since careful 
experiments fail to show any inferior limit of rapidity of the 
periodicity necessary to produce such a discharge. In truth, 
there is no impossibility in producing by a single flash a dis- 
charge having the charaett^ristics of sensibility. If a chargeil 
Ley den jar* be employed with a suitable tube^ the instantaneous 
discharge that passes through the tube on the jar being con- 
nected with it will show all the symptoms of senaitiveness during 
its passage through the tube. 

The authors nex:t state that 

77te effect produced hi/ the approach of a eonducior to a mmi~ 
tive dUcharge ii directly due to ike relief girem htj if» presence 
(he insiafUaneouf electric temion- mifhm and around the tube 
♦ Proc. Roy, Soc., xxrL, 1877, p. m. 
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r^MMed iff tie imdiriJwmt dkekar^s i*i f^<-tr jmsur^ ikmm^k 

In tbe vAse of tlie setisitii^e or tnlt^rruf ited discbiirge, we hnvt 
©ei'ti lliat tbere are separate pulses of electricitjr passing between 

It u not impmbabb that each of these pulses leaves* the posU 
lire trnninal m the form of free eleetricitj. 

If 1} does so, it will exercise iiiduetion in every dtrectioo, and 
catise a state of strain*' on the glass and in the space beyond. 

As tbe glass is a Dou-condnctorj this state of strain continues ; 
bat the instant a conductor is brought near, the state of strain is 
relieved, and a complete redistribution of the electricity outside 
the tnbe takes phiee. The state of the electric field in the neigh- 
bourhood of the conductor will then be different to that at any 
other part of the tube ; and this will in its turn react upon the 
dtseharge or upon the gaseous matter which exists within the 
tube. 

In order to show that tbe phenomena of sensitiveness are 
primarily due to the redistribution of the induced electricity and 
relief of the external strain ^ it is only necessary to observe that a 
non-conductor^ however highly charged, does not affect the sen^ 
sitive discharge. Nor wiE a conductor of small size, in contact 
with tbe tube (such as a piece of tinfoil}, affect the discharge so 
long as it is insulated. But if the tinfoil l>e connected to earth, 
or to a distant conducting body, an effect on the sensitive dis- 
charge is at once seen. 

A consideration of these experimental facts leads the authors 
to the following conclusions : — 

(!) That the effect is due to a redistribution of electricity in 
tbe conductor ; and 

{£) That such effect is periodic. 

If a continuous electric state in the external body were the 
liacessaij condition, the observed effect could be produced by 
charged non-conductors. But as this is not the case, we must 
look to the facility of chauge in electric state afforded by con* 
duetors for an explanation of their effect on the sensitive dis- 
charge. This conclusion is supported by the fact previously 
stated, that a small piece of tiufoil placed upon the tube produces 
no effect so long m it is insulated. Such a piece of tinfoil would 
giTO bnt little scope for redistribution of electricity — at all events, 
30 
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ia Bueli a way as to affect tbe space arouod it. But if it be coti- 
Bected metallically with a distant conducting body, so that 
positive or negutive electricity cau be driven from it to a seosibk* 
distance from the tube^ the case is diUerent ; and, if this Le done^ 
it ie at once found to affect the sensitive discharge. 

If then the effect on the sensitive discharge is caused by the 
facility for a redistribution of electricity v^ithiu the conductor, it 
follows that there must he a varying electric action upon it from 
the discharge in the tube, And that such is the case may be 
shown by connecting a rtngj or segment of a ring, of tinfoil, 
placed on or near the glass (6g. 18£), with the earth. 




Fiff. 182, 

and iuterpoaing a telephone in the circuit between the tinfo 
and the earth. As soon as tbe current becomes inter- 
rupted by an air-fipark» a sound is heanl in the telephone 
corresponding with the sound of the air-spark causing the inter- 
mittenee. This shows conclusively that at each pulsation there 
IS an electrical redistribntion within the system composed of the 
earth, the wire, and the tinfoil* And as tins continues indefi- 
nitely, without producing any charge upon the tinfoil, it is clear 
that there must, during the complete period of each pulsation, be 
a flow of one kind of electricity from the tinfoil, followed by 
its return, or by a similar flow of the oppo^^ite kind of electricity 
from the tiufoiK 

The authors go on to describe experiments to show that — 
{!) The effects are due to electro- static, and not to electro* 
magnetic^ induction. 



The Sefisiiive Siaie — Spoiiiswaotie and MouUon, 95 

(2) Til at the relief eflect'^ is independent of tbe potential of 
the conductor Ccaiising the relief. 

That is, that if the relief he caused by a ring of tinfoil attached 
to the tube, and connected by a wire to the inside of a rather 
large Leydea yivt^ it makes no difference whether the inside is 
connected to earthy or insulated and charged to any potential, 
positive or negative. And, further, the relief effect is equally 
well obtained when the ti^ifoil is connected to a large conductor 
of varying potential ; as, for instancCi the wire of an induction 
coilj as long as its period of variation is not the same as that 
producing the intermittenee of the discharge* 

The authors ne^ct show experimentally that 

The relief effects {when ihe iniermitience ts effected near the poti* 
tire ierminat) a^mme9 the form either of repuUion or of discharge 
from (he inferior mrfat^e of Ihe ^lasi. These two effecU are idem^ 
fieiiiift nalure^ and the form aefuaUy assumed depends in the same 
tube mie/y om the infemiiy of the action which calUii forth. 

They also find that they can pass continuously from the repul- 
sion to the discharge form of the relief effect in any one of three 
ways : — 

(1) By keeping the relieving system fixed at the same spot on 
the tube, and varying the completeness of relief,* the discharge 
T^maioing the same. 

(S) By keeping the relieving system constant, and varying its 
position on the tube, the discharge remaining the same, 

{^) By keeping the relieving system constant and fixed in 
position, and varying the tntcrruptedness of the discharge. 

It is found, however, that only certain tubes give the discharge 
effectj but that they all give the repulsion elleet* 

Ox THE Special oe Non- relief Ekkects PRODtTCED on thb 
SHXsmvB LuitiHous Djschahgb by Coknectinq rr with tbb 

AlR-SFARS TeEMIKAL. 

Let US first suppose the intermittence to he caused by an inter- 
ruption in the circuit between the source of electricity and the 
ptisitive terminal of the tube. For convenience we shall express 
this fact by calling the positive terminal the air'Spark terminals 

If we attach a wire to a piece of tinfol placed upon the 

* k% Ibr inttance» bj making tbe ccntaoi betw^iru the tinfoil and the eartli 
iu imperfect one. 
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tubfij and connect the wire with any independent coudncting 
system J we shall obtain^ as we hava seen, more or less complete 
forms of the relief eSeet, Both the wire and tinfoil will, in 
tlie mujonty of eases, repel the luminous column. But if the 
wire be connected with the po%iihe terminal^ a sudden change 
takes place in the phenomenon. Instead of the luminous column 
heiug repelled by the wire, the course of the latter along the tube 
{supposing it partly to rest npon the tube) will he marked by a 
bright line oflnminosity on the inner surface of the glass as though 
it had attracted the luiainous column instead of repelling it» 
And the efTeet of the tinfoil is changed in a no less remarkable 
manner. Instead of the former repulsion^ a tongue of luminosity 
mil be seen apparently starting from the actual inner surface of 
the glass under the tinfoil, and si retelling tow^ard the negative 
terminal of the tube, while the luminous column on the positive 
side of the tinfoil is usually depressed or repealled, and is often 
nearly severed in two. If the tinfoil he in the form of a ring 
round the tube, the appearance of the phenomena is very striking* 
In many cases the luminous column extending from the positive 
t^^rminal is brought to an abrupt termination, and ends in a 
sharply-defined head, somewhat rounded at the extremity. 
Around this there is a well-marked hollow cone of luminosity, 
springing from the side of the tube immediately beneath the 
tinfoil, bright and sharply defined on the outside, but hazy and 
blue on the iusidej which is turned to, and in fact surrounds^ the 
termination of the positive column above described. This hollow 
cone does not come to an apex: on its external surfaeej but passes 
into a luminous column which stretches away towards the nega- 
tive terminal of the tube^ and supplies the place of the former 
luminous column, which it resembles in all respects (lig, 183)- 
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When the air-spark is considerably iocreasedj the truncated lumn 
Bous column is very much altered* 

It will be observed that these effects are totally dissimilar to 
the nelief elTects. 

Explanation op the DiFfEEEwcE. 

The diGerenee is accounted for as follows : — 

Each time that the disscharge pasijcsj there is a pulse of free 
positive electricity sent through the tube* 

In the case of the relief effect, this is accompanied each time 
by a pulse of positive electricity An'K^^x\f mm the tiufoiL 

In the case of tlie non-relief etfect, it is accompanied by a 
pulse of positive electricity driven to the tinfoil^ and so the 
electric strain j instetid of being relic ved^ is increased by the 
action of the tinfoil. 

EXAMIKATION OP THE NOJf-EELIEK KfKECT. 

The form of the non-relief effect obtained by making the posi- 
tive the air-spark terminal may be taken as typical of all other 
farms of it 

If we place round the tube a narrow ring of tinfoil^ and connect 
it with the positive terminal (where the air- spark is supposed to 
be) by a wire passing at a sufFicieut distance to prevent its directly 
atfeeting tlic luminous column, the follow ing appearances will be 
tiotieed : — 

(I) The column which starts from the positive terminal will 
be found suddenly to terminate in a bright column of small dia- 
meter occupying the centre of the tube. This column is usually 
striated, and ends in a stria with rounded head. 

(£) On the side of the tinfoil towards the negative end a conical 
column of luminosity m seen to start from the inside of the tube 
immediately l>eiieath the tinfoil, and to stretch towardfs the nega- 
tive terminab This cone in fact forms the l)ase of the new 
positive column, 

(5) On examinatian, this luminous cone is found to be hollow^ 
the interior baving an ill -defined and htizy surface in strong 
contrast with the somewhat sharp and regular outline of the 
exterior. (See lig. IBS,) 

The authors proceed to consider what is the explanation of 
these appearances. We know that strong pulsations of posi* 
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tive eleetricitj pass to tlie positive terminal of the tube antl 
the tiafoilj keeping time with the passa^^e of the air-sparks. 
These pulsations, when they iirrive at the terminal, are of 
sufficient intensity to cause discliarg^es to pass through the 
tube, and the pulsations that reach the tinfoil must be of 
exactly the same strength as those that jfo to the terminal, 
Such pulsations must drive off positive eleetrieity in corre- 
sponding^ pulsations from the interior parts of the tube con- 
tiguous to the tin foil- These latter pulsations are similar to the 
discharges that take place from the positive tormina! ^ and they seek 
relief in the same manner, viz,, by rushing towards the negative 
terminal of the tube ; in this process they form the hollow lumi- 
nous cone mentioned above. These dischargt»s of positive elee- 
trieity from the inner surface of the tube leave behind them an 
excess of negative which would be held prisoned by the positive 
charge in the tinfoil if that were permanent ; but just as tlie 
latter was generated by the momentary charging-up due to the 
passage of the air- spark, so it is released by the relief given to 
such charging-up by the discharge through the tube* On such 
discharge taking place, the negative on the interior of the tube 
is set free, and in its turn satisfies the positive that meets it from 
the positive terminal. Thus we naturally get the termination of 
one positive column on the side of the tinfoil nearest to the posi- 
tive terminal, and a complete discontinuity between it and the 
second, which starts in a hollow cone from the edge of the tinfuil 
nearest to the negative terminaL 

To show more clearly that this is the true interpretatioa of the 
phenomena, and that the effect of the arrangement is thus to 
substitute for the onginul discharge two independent discharges 
occupying different parts of the tube, take two or more such rings 
separated from each other by spaces somewhat less than the 
diameter of the tube, and connect them as before with tlje positive 
terminal (fig. 1S4}* Each of these will be found to be the base 
of a hollow cone similar to that above described; and each such 
cone will form the base of a luminous column having all the 
features of a positive column, and terminating sharply behind 
the next tinfoil ring or at the borders of the usual negative dark 
place near to the negative terminal of the tube* 

If we bring tlie Ungcr or other conductor to the side of the 
ittbe, these columns will all display sensibility, but each wiU 
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move independently of the others and of the remainder of tho 
positive column, and behave as if it started from the tinfoil riog^ 
at its base, still preserving, however, its potition relative to the 
icctionni columns on each side of it. 



We now eome to perhaps the most important portion of the 
papcfj namely — ^that 

Oiff THE Nature o? Strui, akd the Artificial Pfiomictiox of 

SxaiATIOK IK THIS LuiflKOUS (SENSITIVE) DISCHARGE, 

We have seen that the positive discharge due to a ring- of 
tinfoil forms a hollow cone with a sharply-deli ned luminous 
outer Eurfaee, This cone, if the nearest negative terming is the 
negative terminal of the tube, passes into a column of diffused 
luminosity similar in all respecta to the ordinary luminous column 
which starts from the positive terminal of a tube. 

But if there is another similar ring of tinfoil connected with the 
positive terminal (we are assuming that the effect which is being 
examined is the speciul eHcct when the air-spark is in the posi* 
tii^e circuit) between the former ring and the negative terminal, 
the luminous column that starts from ring No* 1 is stopped by 
ring No. 1, and from this ]attcr ring there starts a second hollow 
lamtnous cone which stretches away in its turn towards the 
negative terminal in a different luminous column as before de- 
scribed. 

If these rings be placed at the proper distance from one another, 
and the size and exhaustion of the tube be suitable, the short 
luminous column between the rings will dwindle down to a hollow 
eone with blunt rounded bead, this head being greatly superior 
in brightness to any other part of the cone^ and stretching to a 
point close up or to even a little within the next ringj so that it 
ia in the middle of the space enclosed by the ba^y blue inside 
surface of the hollow eone that starts from that ring. 
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Andj by using^ additional ritigSj this can be made to repent 
itself until the whole lam i nous colli mn is segfmeuted into thuse 
hoHovv luminous cones or sbells with bright rounded li^ads* 

The theory whiuh the authors of the paper propose is that 
each of i/tt$e luminous eonei or sheik k a per/ec£ Mirlm boik m 
functiQu and sfmHure. The resembhmce in appearance is most 
striking. There is tbe same convex hri«;ht outline pointing to- 
wards the negative termiuali the Batne hazy blue ill-defined 
hollow sLirfiice tarncd towards the shell immediately behind it, 
and there are the same dark intervals diYiding" consecutive shells 
as tlivide eonsecutive striie. Flat and annular strisE can also he 
produced hv projier adjustment of spark lengthy &c. 

But it is not only in structure that these luminons shells 
resemble strise* Thei^e is j^Isd an identity of function* We know 
that when the positive pulses arrive at the glass^ they drive off 
similar positive pulses from the interior of the tube, and thus 
form the luminous shells. And knowing*! therefore^ that each 
luminous shell siji^nifies a positive dischargCj and also that no 
electricity passes throu^j^h the glass, it is absolutely certain that 
a like amount of negative electricity must be collected at the 
Burfuce of the glass within the tube, and must ultimately sattsly 
an equal amount of the original positive discbarge — i,e.j of that 
whiuh comes to it from the positive terminal, or from the shell 
immediately on the positive side of the one we are CDnsidering, 
OS the ease may be* We have then a negative discharge from 
the side of tlie tube, or from the gas immediately within it, 
satisfying a positive discbarge advancing towards it along the 
tube; and we find that it causes the luminosity of this disieharge 
to stop short and terminate in a bright, clearly-deHued rounded 
head, which is separated by a dark space from the seat of the 
negative discharge. This, then, is the function of tlie shell : the 
bright part is to serve as the place of departure of the positive 
electricity that is about to pass across the dark space (or the 
place of arrival of the negative electricity after so doing}, and 
the hasEy interior of the cone is to form the place of its arrival {or 
the place of departure of the negative electricity) ; and, so far 
as we know, this is the sole function of these elements of the 
shelL 

Now let us take the case of the striated discharge* Here, 
alsoj we know that the positive electricity in the cuirent must 
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IttTctbe brigbt head of the stria, and, aft^r pa^mg the dark spaee^ 
arrive at the hazy inside of the next| and the negative electrieitj 
must take a reverse course. There is an absolute identity in the 
futietions of the corresponding parts of the two structures, the 
only diSerence being that we know, from inJependeiit extrin&ie 
evidence^ that the electricity in the artificially sejfmentt^d discharge 
does not iloiv continuou&ly, but in intermittent discharges,^ 

Betuming, then, to the case of the artificially produced conical 
shell% the mo^m (Operandi of the diK'harg;e is as follows : — When 
the pulse of positive electricity arrives at the terminal and causes 
the discharge into the tube, a positive discharge equal f to that 
which passes into the tube moves synebronously from the interior 
of the tube at each ring of tinfoil, forms the bright shell or stria, 
and fnieses on to the next ^hell or stria [ thus supplying the place 
of the positive pulse that the ring of tinfoil there has just sent 
on. The last shell passes ita discharge to the negative terminab 
and the finst shell receiTee a discbarge fn:»m thejiositive terminal- 
In tbis way a discharge passes through Hie tube identieal in 
quantity and character to that which pas^s into it from the 
positive terminab 

If, then, we are right in supposing that the series of artificiaJly 
produced hollow shells are analogous in their stnictnres and 
functions to stri^, it is not difficult to deduce, from the explana- 
tion above given, the m^dm {tpemndi of an ordinary striated dis- 
charge* The pas^sage of each of the intermittent pulses from the 
brigbt surface of a stria towards the hollow surface of the neact 
may well be supposed by its inductive action to drive from the 
next stria a simihir pulse, M'hieh in its turn drives one fmm the 
next stria^ and so on. Thus the processes in the naturally and 
artificiallj striated columns are precisely similar, save that, in the 
die of the latter^ the pulses from the several strife are excited by 

^ At the preft^nt sta^ of tbe inquiry the mithon •ssnme lhai all T«c«Qain 
dtsrhinern are in reility intermittent. Any who do not wi^h to udmit thi« 
tnuRt tiike th<* refti-oninga of thiji ««(rtii>ii a« appHejible only to thofi« striAttfd 
dicehiirgfs which are known to be interinittpiit^ 

f I| ma J srvm an tinwniTRnted ai^un^ption to Assume that each af thew 
•rtificlaUy produced di^ehar^trs \r i^qual to the wttok ori^^nnft) dm'hHrgpp hut 
tb« ap[kearance« ^witb suilrible adjuslroents) set" ra to warmnt ]t> and itfl the 
rmonhiic is alm^ilijied, and the validity of the theory' ik tiol nOeeted by thta 
■Mumptioiip it will, lb rough tbc rtai of thia aec^tiun, be Ktippoaed to be 
llid CtM. 
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iDductton from without tlie tube, while^ in tlie case of tlie former, 
the induction is that of the dischar^ itself in its passage from 
stria to strin. The passage of the discharge is due in Ixjth cases 
to an action consisting of an independent discharg-e i'roni one 
stria to the next ; and the idea of this action can perha()s be best 
illustrated by thiit of a line of boys crossing a brook on stepping^* 
stones, each boy stq>ping on to the stone which the boy in fron t 
of him has left, ^ 
The unit of a striated vacuum discharge is tlierefore composed 
of the bright surface of a stria, the dark space in front of it, and 
the hazy interior surface of the stria on the further side of that 
dark space* In this tan it we have a positive terminal, a space 
across which the discharge passes noii -luminously, and a nega- 
tive terminal. And, in the opinion of the authors of this paper, 
ail striated vacuum discharges arc composed of reduplications of 
this unit, and that any phenomena connected with the negative 
terminal which seem to contradict this view, and to point to a 
special structure of the discharge near the negative terminal, un- 
like anything that exists in other portions of tlie discharge^ are 
merely mod ill cat ions due to the local circumstances of the 
terminal. 

The authors proceed to show that even the " negative glow " 
and " negative dark space " can be shown to be caused by 
modifications of a stria produced by the negative pole. The 
authors regard each segment as constituting a sepai-ate discharge. 
One phenomenon observed by them, of a different kind to those 
of which we have been chiefly speaking, appears strongly to con- 
firm this. If a magnet he applied to a striated column, it will 
he found that the column is not simply thrown up or down as a 
whole, as would be the case if the discharge passed in direct lines 
from terminal to terminal, threading thestrite in its passage. On 
the contrary, each stria is subjected to a rotation or deformation 
of exactly the same character as would be caused if the stria 
marked the termination of flcicible currents radiating irom the 
bright head of the stria behind it, and terminating in the hmy 
inner surface of the stria in question. An examination of several 
cases has led the authors of this paper to conclude that the cur- 
rents do thus radiate from the bright head of a stria to the inner 
surface of the next, and that there is no direct passage from one 
terminal of the tube to the other. 
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Physical STaucruRK of Stuijb. 

It is natural to inquire what, ia this theory, is the physical 
stmcture of strise. Are they merely lumiQaus appearancea (i, e,, 
loci of maxim nm luminosity) , or are they aggregationg of matter 
having a Tnaterial structure ? 

The authors consider that tht» is a question whieh it is be- 
yond the scope of this paper to discuss ; but the most probable 
view, in their opinion^ is that they should bo regarded as 
9epUi of compieh eiectnc poTOMif^^ having a mater tai Mtruciure, 
One of the most importont facts favouring this conclusion 
is that when strife arc formed by a coil working with a high- 
speed breaks the striae produced by the two currents (the 

- ^MIKKiMOOflllilOOOOOOOOIlOOOOIK ( 

P3e^ IBS. 

roake and the break) adhere persistently together in pairs 
m though the alternate currents found ready to hand strise that 
only nt^ed a little deforraation to make them avaitabte for their 
purposes. The authors add that there are other facts tending to 
support this conclusionj but that a complete exa mi Dation of the 
ijucstion would carry them beyond the limits of the present paper. 

DtJEATlON or THE DlSCUAKGE, 

Tke pasffdge of the dUekarge ihrougk the iu&e oeeupie% u time 
which u sufficiently smali in cmnpariion mih the interml between 
ike dischargei to prevent an^ inter/ereme between 9uccemve eiec- 
irkal pulses. 

This was proved by an examination of the discharge by a 
revjolving mirror* 

Id order further to test the possibility of single pulses giving 
rise to the effects of which we have been speaking, the following 
experiment was tried : — The terminals of a tube were connected 
with the outside and the inside of a small Leyden jar. The poles of 
the secondary circuit of a coit were placed so that the discharge from 
the coil charged the jar by leaping over intervals of considerable 
size (about a quarter of an itvch for the negative pole^ and three- 
quarters of an inch for the positive pole), so that the make- 
current was excluded. When the coil was worketl^ there 
appeared a brilliant discharge caused by the jar periodically 
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di^liarging itself tliroiig^h the column. A ilit was placed on 
tlie tube, and the luminous culumn was examined hj the re- 
volving mirror, and it was found that the discharge was quite 
itistantaneous, and that usually it was not followed by the D^?x:t 
at any ref^ular interval^ btit that occasionallj it was multiple. 
Tlie discharge was then testi^d for both rtilief and non'relief 
effects, and, notwithstanding^ the very large quantity that passed 
at each discharge^ it gave them very markedly. The contact 
breaker was then worketl by hand so as only to give single 
flashes* These were tested for sensitiveness and were found to 
be perfectly sensitive. Tkun it appears from eitpenmetd thai fke 
wh^ie of the reiii*f and mut-rftitif effeeU are compfetvft wiikin eucA 
nngle puimfiou^ and thai the effect of the rapid repetittom of the 
dUeiarges is merely to ^Im the appearance of permanence to effect^t 
which im reality appear and disappear d firing each $eparat€ dU- 
charge^ 

Natpre op thb Discuarok* 

The discharge is effected under ordinaiy etrcvm stances the 
pamage thfottgh the tube from the air-spark terminal of free eke- 
fncitjf of the same name as the eiectricit^ at that terminals 

The authors prove IhiB proposition by numerous expenment«?j 
of which perhaps the two most import:! nt are the following : — 

(1,) If a piece of tinfoil be placed at an^ part of the tube, 
even at the end farthest from the air-Fpark, the relief eiTlct will 
he such as to show that the pulse of electricity ii> of the same 
kind at every portion of the inside of the tube. 

In order to prove the proposition in another way, a vacuum- 
tulK? was enclosed in a metal canister (the wires passing to its 
terminals through tubes of insulating material inserted in small 
holes in the canister), and a telephone was placed in circuit be- 
tween the cnnister and the earth, "When a discbarge with an 
air-spark in the external circuit was sent through the tube, a 
sound was heard in the telephone similar to that made by the 
aiT'Spark, By a fundament4d proposition in electricity* the 
free electricity on the surface of the canister {and which escaped 
through the telepbon** to the earth) was at any instant equal to 
the excess of one kind of electricity over the other in the space 
within the canister. Had the dts<.^barge been in the nature of 
conduction, as in a galvanic current, there would at no iniitant 
* See Toh i pHge 16* 
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have been an excess of either tind of eleetricitT, and therefore 
tbefe wotild not have been any sound in tbn telephone. Tlie 
exi«t€nee of a sound testified to variations in the algebraical sum 
fif the free electricity in the tube. To show that this} was not due 
to anything depending on the wires leading to the tube, the some 
experiment was repeated with a tube in w^hich the middle por- 
tioa was connected with the two end portions by very narrow 
passages. The middle portion was placed in the canister and the 
narrow parts passed through small holes made in its gidesj so that 
only a portion of the complete tube was \vithin the canister The 
sajna results were obtained with this arrangement- 

Oir UlflFOLAE DiSCHAUGES, 

We have seen that^ inasmuch as the discharge from the air^ 
^lark terminal produces its special effect without any indistinct^ 
Bess or con fusion close up to the opposite terminal, it would appear 
that the discharges from the two terminals are so far independent 
that the disehar|>e may take place from one, and the free elec- 
tricity pass right through the tube to the immediate vicinity of 
the other, without evoking* a specific response from the latter tcr- 
minaU And if each such discbarge does in any way call forth 
from the other terminal a specific response, it must be so slight 
that it does not affect materially the electrical condition of the 
interior of the tuhe^ or the e fleet which that condition produces 
on conducting systems outi?idc the tube* And we have also seen 
that this independence implies that the electricity leaves the 
terminal from which it starts in consequence of the electric 
tensitm within that termimil, and only in a very subordinate 
degree in conet^^quence of the correlative action at the opposite 
terminah Lest these should seem to be too hastily druwn eon- 
elusions^ the authors proceed to describe a class of phenomena 
which furmtjh vt^ry important evidence of their truth. 

1£ take two exhausted tubes of the same general type, and 
connect one terminal of each with one terminal of a large Hollz 
machine, and connect their other terminals w^ith the other ter- 
minal of the machine, interposing an air-spark (say in the positive 
circuit) so that the elcctridty has two alternative paths, the one 
through the one tube and the other through the other, the air- 
spark being common to both paths, a very remarkable phenomenon 
will be witnessed (flg* 186), If the uir-s|>ark be of a suitable 
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ma^Qitude, it will l>e found tbat oae of the tubes \% wholly 
traversed by the disclmrge^ but that the other \% occupied only 
bj a Inmmoiis column extending from the positive terminal into 




the tube for a cousiderahle portion of its length » and gradually 
tapering to a point. If the air spark do not exceed a certain 
limitj depending upon the "resistance" of both tubes, there will 
be no luminosity at the other end of the tube^ and no discharge 
through it. No effect will be produced upon tlie luminous column^ 
nor on any portion of the discharge, by breaking the cfmnection 
with the difitaut termiujil, showing, what the appearance of the 
column itself sufficiently indicates, that the discharge is unipolar 
or incomplete. Slight indications of blue ha^e are sometimes 
Kcen at the tip of this tapering column, due probably to some 
negative electricity gathered from tlje neigli hour hood, but tii>t 
directly discharged from the opposite terminaL The dineharge 
in /ifci, one wkkh ^ai^es into ike iube, iut mi wdk ^v^aeut force 
fo pam (Jtrou^h iff and which aceordingf^ ret urn 9 the wa^ itj 
which it entered^ The cause of this recall will be examined 
later; for the present it suffices to point out the ftict that 
here we have a discharge from one ptjle, which is unable to 
approach near enough to the other pole to get relief there, and 
actually prefers to return by the way it came rather than to pwt^s 
through the tube to the other terminah Such discharges tiie 
authors propose to call nnipoiar discharges ^ 

This unipolar discharge is of course intermitteut, and therefore 
sensitive. If we take n glass rod {fig. 1 87) with a piece of tinfoil at 
the extremity electrically connected by a wire with the positive 
terminal of the tul>c, and hold it near to but a little bevond the end 
of the luminous column, we shall find thehtminous culumn driven 
back; and by carefully advancing it towards the positive ter- 
minal we can often succeed in driving the luminons column wholly 
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tack and pr^ventin^ tiny visible diicharge taking place into 
tlie hibe* The explanation of this is obvious. At tbe moment 




that the charging-up, which eauses the discbargej takes place in 
the positive terminal, there \% also a charging'-up in the tinfoil, 
and this by its inductive effect tends to prevent the advance of 
any free positive electricity. Thus, however rapid the pulsa- 
tion, the force tenditig^ to oppose the discharge keeps exact lime 
with itj and cays*?8 the beading back ot the luminous column- 
If tbe tinfoil and wire be connected with earth, or otherwise made 
a relieving system J we find the usual to-earth effects produced on 
this unipolar discbarge, 

A form of these experiments, which is in some respects 
even more strikingj is obtained by taking a tube with an 
intermediate terminal (fig, 188), and connecting tbe inter- 
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mediate and one of the end terminal with tbe positive 
terminal of the machine, and the other terminal of the tube 
witb the negative terminal of tbe machine. Let us interpoae 
an air- spark in the positive circuit so that it forms part of 
tbe path to both of tbe terminals which were connected with 
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tbe positive terminal of the machine. With an air*8park of 
proper dimensions it will be fannd that while the whole ofFectire 
current passes from the positive intermediate terminal to the 
negiitive terminal, there is seen besides^ first a tongne-sbaped 
lumicous column extending from the positive end terminal to- 
wards the intermediate terminal ; and^ secondly, a similar tongue- 
shaped luminous column Btrelc!hiu«j out from the intermediate 
terminal to meet it (fig. 188), Or again, if we arrange two 
tubes as first described, and connect both terminals of the second 
tube with the positive terminal of the machine (fig, ISO), we 
shall have two positive unipolar columns as before. These two do 
not join ; and it is clear that here we have naturally the same efl'ect 




Fig. IBS, 

as that obtained by the use of tbe tinfoil in the former case. 
Each of these discharges acts repulsively on the other, and they 
drive each other back. If w^e u&e the tinfoil, as in the former 
eitperiment (fig* 187)j we can drive each in turn hack towards, and 
sometimes into its terminal ; and within consideralile limits when 
one column is driven back, the other advances, and vice versi. 

This experiment with the intermediate terminal shows veiy 
forcibly how tbe discharge from an air-spark terminal depend 
solely on tbe forces at work at the terminal itself^ and has 
but little reference to the condition of the other terminal of 
the tube. We see hei'e that tbe positive electricity from the 
intermediate terminal actually issues copiously in the direction 
in which lies not only no negative terminal, hut actually a 
positive terminal, which nlttmatcly succeeds in repelling its 
advacen. 

In corroboration of the statement that these tongue shaped 
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luminous columns are parts of two distinct ioeamplete dis- 
charges, wc may odd that the ma|Tnet shows that they repre- 
sent disehargus going" in ojiposite di recti ons, the positive elec- 
tricity iu eacli proceeding from the base of encli col tun n toward.-* 
the apex. 

Similar phenounina, save in respect of the shupe of the lumi- 
nous eotumns^ are seen when the two terminals are joined to the 
neg'utive terminal of the machine. 

In the course of their experiments the authors sliowed that, if 
we take a distiharge of small Quantity from a coil of symmetrical 
makei the eleclrieity passes iuto the tube simultaneously at both 
termiualsi and that the two Jii^eharges meet and form a neutral 
zone near the middle of tlie xube. 

The re^idt of connecting a small condenser with one of the ter- 
minals of the tube, when a eoil discharge is used, is to depress the 
electrical tension pivMluced at that terminal, and shift the position 
of the neutral zone* It is very instructive to compare these 
ejects with the analogrjus effects iu the case of unipolar tlis- 
charges* If we join the effective terminal of the tube con- 
taining the unipolar dii^chargc to a small condenser composed of, 
say, two pieces of tinfoil about three square inches in area, with 
a plate of mica between them, we shall see the luminous tongue 
slightly shoilen* If, now, we conntfct the other side of this con* 
denser to earth, we see a iurther shortening of the column, which 
ivill often almost disappear. If we connect the terminal with a 
larger condenser or a Ley den jar, the discharge wholly disappears. 
Thus we see that the condi.*nser or Ley den jar has, just as in the 
case of the coil discharges, the etfuct of muffling or toning down 
the intensity of the impuUive changes of electrical tension at the 
terminals, and thereby lessening the violence of the disuharges 
into the tube. 

Geneeal Conclusion, 
The authors conclude from these exi>erinients that the inde pru- 
dence of the diecburge from each terminal is so complete that wu 
can at will cause the discbarges from the two terminals to be 
equal in intens?ity but op|>osite in sign (as in the case of the coil) 
or of any required degree of inequality (as in the case of the coil 
with a small condenser). Or we can cause the discharge to Ije 
from one terminal only, the other terminal acting merely recep- 
31 



tively (as in the case of the air*epark disohari^e) ; or we can cause 
the discharge to pa^ from one terminal only aod return to it, 
the other terminal not taking any part in the discharge; or 
(itmlly^ we can muke the two termiiiaig [x>ur (arth independent 
diseimrgee of the eame sign, each of which pasaea buek through 
the terminal from wheuoe it came, 

Tlie paper concludes with an eicami nation of 

The State of the Tube durtxo the OcctniUKxcis of thi 

D]SCjl£ROI£. 

The authors find that the disehargi! does not take place simuU 
tanenusly all aloii^ the tube, but tbjit it is progressive, and pro* 
I'mU from the air-spark terminal 

If two pieces of tmfuil, eonnfcted by a thin wire, be placed on 
the tube — a small one, A, near tlic air-spark terminal, and a largie 
one, B, near the opposite terminal — it is found that a relief is 
obtained at A as en in pie te n& if B (?itill attached by a wire) were 
removed quite away from the tulie. 

This shows that, ut the time when the demand for relief is 
being made on A, no such demand is being- moile on H — thiit is, 
that the discharge has not reaehetl B at the time when it is 
passing" A. 

CoKCLUOiNG Remarks. 

The authors proceed to inquire whether the results which they 
have established from discontinuous discharges are also appli* 
eable to continuous ones, and they con elude that the essentials 
tif the discharge of electricity through rarefied gases are the same, 
whether the discharge he interrupted, nninterrnpteil, or wholly 
discontimioue, and perhaps alternate. 

Now the simplestj and indeed the only obvious, explanation of 
this result is that the character which was found to l>e funda- 
mental in sensitive discharges, viz., disruptiveness, is common to 
both kinds of discharge; and that the difference between the 
two kinds is to be sought in the scale on which that character is 
displayed * 

In both discharges, each terminal pours forth its electricity to 
satisfy its own needs, and only in a very secondary degree to 
satisfy the needs of the opposite tcrrainab The one terminal does 

* It mmi b« noted Umt iti the ordinary discharge the di^oontinuoa'i 
puJfi^ m frliicli the electricity learija the terminaU must be very mtaittft. 
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not feel the electric state of the other cUi'tM^tl}-, os woiilil le the 
ease were they mct-ilUcally eoiineeted^ but pours forth its electri- 
city in the shape of free electricity, and h»aves it to wander at its 
own will in that shape. If these two matters could he demon- 
fit rated eon el usi rely, a ^reat step wouM be gained in our know* 
ledge of the nature of electric dischar^s; and, though the 
authors consider that this \^ not to be hoped far at presentj 
they trust that the results recorded in this paper add con- 
eiderably to the evidence in fivvour of them. 

The anthon? conclude with a number of arguments in favour 
o f the V ie w t hat aUd\ sc h a rj^es a re d iscou t i i uiou s* I n pa rti c u 1 a r w e 
may not« that the probability that l>oth kiods of discharge are 
really puhatory is increased by the consideration that the striie 
are formed by the dischar^ie* This increases the difficulty of sup- 
pijiiin^ that a strictly eontinuous current could imitate eifeets 
which we have seen to be eausetl by discharges known to be in- 
»ta n tan eon s a n d d i sc on nect ed , II" 1 1 1 e evidence £j i ve n in the j )a per 
of the form of the discharge from one stria to another (see vol, ii. 
patre 101 } be considered suflBcient, these remarks have still g:reater 
weight, for it is scaa^ely conceivable that a strictly continuous 
cun^ent sh^nild take so strange a course* The passage from stria 
to stria must then be taken as disrnptive and discontinuous; and, 
if this be granted J then, as strise are only particular cases of ter- 
minals, it follows almost as a matter of course that all discharges 
in rnreSed air are equally disruptive and discontinuous. 
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CHAPTER XXXVn. 

FIlEKOHETfA lU VEtlY HIGH VACU liXl^ERlif BXTS OF CROOK ES* 

Mh. CaoOKiES Btateg that he 1ms discovered that when the 
exhaustion of a vacuum tube jjs earried considerably beyond 
that point which gives the best etnse and himinous effe<^ts, a new 
get of jihetioitiena not hitherto observed are produced, and that 
tlje i^esidual g"U9 developes so many new properties that he eon- 
sidci-s himselt jo£?titied in sayin-^ that gMS, when at these Ujw 
presstireB, may he regarded as matter in a fourth or ultra-g-aseous 
etate. To this he has j^ivcn the name of Kadi ant Matter/' 

According to Jlr. Crooke«, the states of matter are four, as 
follow : — 

L Solid. 

2. Liquid. 

3. GaseoiiR, 

4. Kudiaiit^ 

Although this view bus not met with universal aceeptance, it 
still appears to me to be legitimate, for the diU'ercnecs between 
the 3itl and 4tb state seem to me to be at least as *^reat as those 
between the Snd and 3rd, and certainly to be greater timn tho^ 
between the 1st and 2ud, 

The pressure at which the new phenomena are be«t seen in 
about 1 Iff (one millionth of an atmosphere). 

The difference between jraB at I M and gaa at say iiOOO M 
appears chiefly to l>e caused by the fact that at the lower pressure 
the " Free Path'* of euch molecule— that is, the average distance 
which it moves without coming into collision with another 
molecule — is comparatively great, while at a higher pressure it is 
much smaller* 

* On Hc'idlant Matter/' a Lecture deUvereS to the Britisti Aflioctitioii at 
BWIflt^lJ* Au^ujit t% 1879, by Win. Cmt^kfrf, F.ll.S. 
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At tbe hig"h pressure the molecultis can hariily be said tti 
move at all in stmi^ht lines, bccaase their direction of iDOtion is 
constantly betn^ hanged by eoUisian* Sp<^kin;^ roug^hly, we 
may say that, at a pres-^ure of 1 M, the '* menu tVeL' |>ath/* — that 
the uveragt* distauce vvuieh each molet^ule will move in a straig^ht 
line before Wing^ deflected by collision — is about 3000 times a^* 
long as its mean free path in gas at ^iOOU M, the pressure of an 
o I'd i nary vaeirum tube. In Ikct, as Mr_ Crookeis observes^ " By 
great rarefaetion the mean free path has become m long tliat 
the hits ill a «^iven time, in comparison to the misses, may be 
disregarded, and the aveniije molecule i^ now allowed to 
obey its own motions or laws without iuterfereuce* The 
mean free path, in fact, is comparable to the dimensions of 
the vessel J and we have no longer to deal with a ctmiumi}m 
portion of matter, as would be the casa were the tubes le&& 
highly exhaiHted, but we mnst here contemplate the molecules 

TnK Negative Dark Spagb. 

Ill all Will- exhausted vaennm ta'aes a small "dark spaee" 
iurrounds \X\^ neg^ative pole* 

Mr Crookes finds that, jib the exhaustion improves, the 
dark spacti increases* He accounts for tlio inefease as follows : — 

Molecules of gas are driven otF from the negative pole, ami, as 
IuH^ as they do not c*ime into collision with any ot*ier moleeiUes, 
they do not produce any light. The space over which they 
travel without rolHsion will be dark. 

When, by diminishing the pressure, the mean free path is 
lengthent*d, the dark space increases. 

Tlie following experiment was devised for showing this "dark 
space to an audi en re x — 

The tube (fig. 1*^0) Ims a pole at its centre in the form of 
a metal disk, and other poles at each end. The centre pole 
\^ made neg:ittve, and the two end poles connected togethei 
art* made the positive terminal. The dark space will be in 
tht* centre. When the exhaustion is not very great, the dark 
Fpace extends only a little on each side of the negative pole 
in the centre. When the exhaustion is good, as in the tube 
wbieh was shown in the lecture, and the ctiil is turned on. 
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the till I k space is eeeo tu extend for about an inch* on eaeb 
bide of tlie poJt; 




RaDUNT MaTTKU KXKllTS POWKUFLL PnoSPMOiajGii,xVlU Altiox 
WHBEfS IT StEUKES. 

We have mentioned tliat the rati unit m sitter within the dark 
space e3£ cites In minority where its velocity is arrested by residual 
gas outside tlie dark spac**. But if no residtiiil^ is left, the 
molecules will have their veloi'lty arrested hy the sides of the 
glass J and here we come to the first and one of tfje mo^^t 
noleworthy properliea of radiant matter dtstchar^^d from the 
iie^'wtive pole — its power of excitin*^ phnsphoreficence when it; 
gtrikee o|fainst solid matter. The nynilH.^r of liodies which 
i-iesffond liLtninously to tliis mo1e<^idar bombardment is very ^reat, 
and the resulting culoura are of every variety. Glass, for 
instanccj \^ hi^'-hly phosphorcsuent when exposed to a stream of 
ra<liaat matter. Fig*. lUi repi'eseiitfi threii bulbs composed of 




* Here the m^aii free peLtb of the moleculei would be a^bout aa iach. 
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differvnt : one is uniniutii glas^s (^)j which phoaphoresees of 
« dark gm^en colour; another is English g^lass (^), whieh phos- 
phoresces of a blue colour; and the third {v) is soft Gerniiiii 
*^iy&s^ — of which moat of ihe apparatus used iq the lecture was 
made — &nd phosphoresces of a hright apple-green. 

Many other sithstanees are also phosphorescent under the 
influence of radiant mutter. 

When luminonj} sulphide of ealeiam, prepared aecording to 
Mr, Ed. Keequerel's descnptiou, h eK|xi«ed even to candle-li^ht, it 
p h osph o retces ft > r h ou rs w i t h a bl u 1 sh whit e eolou r. 1 1 i s, h we ve r, 
mneh more strongly phosphorescent mvder the inflnenee of the 
luminous discliar^ti in a goc»d vaeuimi. 

The rare mineral Phenakite (illuminate of gluuiuum) phos- 
phoresces blue; the mineral Sji*Mlumene (a silicate of aluminium 
and lithium) phospharesccs a riuh »^>ldeu yellow ; the emerald 
l^ives out a crimson li^ht. But Mr, Crookas finds that^ without 
exceptitju, the diamond is the most sensitive substance he hv^ yet 
jnet for ready and brilliant phosphorescence, A very curious 
fluorescent diamond was exhibited in the lecture, green by day- 
light J colourless by eaiHllf-li^ht, ft is mounted in the centre of 
m\ t-Tthaustecl bulb ((i^. 1^2), and the molecular dit^L^har^e was 




Wis 

directed on it from lielow upwards. On darkening tht; room, the 
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diamond was seen to eluDe with as much light as a candlvj 
phosphorescing of a bright greeo. 

Next to the diamond the ruby is one of the most remarkabk 
6 tones for pi i oe pliorvst' i n^, A t u be sh o w n i n h g. 193 wim e 3t h i b i ted. 
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containiu^ a fine collection of ruby pebbles. As soon as the 
induction spark was turned on, the rubies were seen to siiine with 
a brilliant rich red tone^ as if they were glowing hot. It scarcely 
matters what colour the ruliy ia, io begin with* In the tube of 
natural rubies tliere were stones of all cohiurs— the deep red and 
alfo the pale pink ruby* There were &om»* so pule as to be almost 
colourless, and some ot the bisfhly-prized tint of pigeon's blixd ; 
but under the imjiaet of radiant mutter they fdl phogphorescM 
with about the same colour* 

Now the ruby is nothing but crystallixed alumina with a little 
colouring matter. In a paper by Ed. Beeqnerel,* published 
twenty years ago, he describes the apjiearanee of alumina a a 
glowing with a rich red colour in the phosphoroacop<*. In 
unother tube was shown some precipitated alumina prepared in 
the most careful manner. It hud been heated to whiteness, and 
nnder the molecular discharge it glowed with the same rich red 
c<tlount 

• AnnafeJt de Chimit et de P\^^iqt*Vf 3rd e^rit^s, voL Ivii.p p. 60^ llFi5U. 

t The spectrum of the red \\^\\% emitted by theae irarii^ties d[ iJuuikm it 
tbe 8nme a» deft-ntwd bj Becqutfrel twenty years aofo. There is one intensd 
tvd )iue, n little bfLuw the hxed I hie in the tipeetrum, having a wiif#« 
length of ttbtiQt 6895. Tbere i« a funliniionfl s|>K'truni beginning vX about 
Bj and a lew fainter lines beyond it^ but they are so liiint tu ofjiiipari!»i.iQ 
with this red line that tbey mtij bt> Dej^lected. Thia line is eai^ily seeu hy 
^■lumining with j* small r,ocket ifpet;trmco|ie the light veHt^cted I'rom a goiwi 
ruhy. 
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de[tei)Ueiiee of tlie phosphorescence* of the ghise on the dt^^ree of 
exhaustioti, Th^ two poks are at a nod and at the end (e) is 
a small §upplementary tube eonoec ted with the other by a narrow 
aperturCi and eontainin*^ solid caustic potash. The tube had 
been exhausted to a very high point, and the potash heated m 
as to dri%x off moisture and injure the vacuum. Eathaustian 
hud then bt»en reeomracnced, and tfie alternate heatings and 
exhaust iun repeaietl until llio tuln* htid been brou*^ht to the state 
in which it was exhibited. When tlie imlactioi] spark was lir^t 
turned on, nothings was visible — the vacuum wns so hig-h that the 
tube was non-eond acting* The potunh was then warmed sUg-htly, 
so to liberate a trace of aqueous vapour. luFtautly conduc- 
tion commenced, and the green phosphorescence flashed uutalon^ 
the length of the tube. The hent was eonhnued m drivt; 
nff more gas from the pota^ih. The green got fainter, and then 
a wave of cloudy luminosity swept over the tube, and j-t ratifica- 
tions appeared, which ra|>idly gt>t narmwer, until the spark 
passed along the tul>e tu the form of a narrow purple line. The 
lamp was taken away, and the polash allowed to cool ; as it 
cooled, tije aqueous vapour, wiiich the heat hiid driven off, was 
reabsorVied. The purple line broadened out, and broke up into 
fine stratifications ; thcsi* got wider, and tnivelled towards the 
potash tube- Then a wave of green light appearetl on the glass 
at the other end, sweeping on and driving the last pale stratiti- 
eation into the potash ; and, lastly, the tube glowed ov^er its 
whole length with the green phosphorescence. If the tube fs 
leit to itself for some time, the green grows fainter and the 
%'aeuum becomes non-eondueting, 

Radiakt Matteh pkoceedr i2f Steaight Lines. 

The radiant matter, whose impact on the glass causes an 
evolution of light, abs<dutely refuses to turn a corner. Fig, 195 
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represents a V-shapeJ tube, a pole being nt each ex t retail y. The 
pole at tlie right side {^) being Eegutive, the whole of the right 
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arm was flofHje<l with green hght, bat at the bottom it stopped 
tsharply and would not turn the corner to get into the left side. 
When the current was reversed, and the left pole made nG<»^ative, 
the green changed to the It- Ft side, always following the negative 
pole, and leaving the jiositive aide with scarcely any luminosity. 

To produce the ordinary phencmiena exhibited l*y vacuum 
tubes, it is custonmry, in order to bring out the etrikin;^: 
contrasts of colour, to bend the tubes into veiy elaborate 
designs- The luminosity caused by tlie phosphorescence of 
the residual gas follows all the convolutions into whii^h skil- 
ful gluss-blowem can manage to twist the glass. The negative 
pole being at one end and the poeitive pole at the otiier, 
the luminous phenomena seem to depend more on the positive 
than on the negative at the ordinary exhaustion hitherto used 
to get the best phenomena of vacuum tulles. But at a very 
high exhaustion the phenomena noticed in ordinary vacuum 
tubes, when the induction spark passes through them — an ap- 
pearance of cloudy luminosity and of stratifications — disappear 
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entirely . No cloud or tog whatever is seen in the body of the 
lube^ and with siieh a vucuum as is used in these ex[>erimeiitS| 
the only li^ht observed is tliat from the phosphoi'esoeiit eurlitce 
of the j^liii^s- Fig* ItJti reprei^iits two bulljs^ alike io shape and 




position of poles, the only difference being that one is at an ex* 
hjmstion equal to a few millimetres of mercury^ — such a moderate 
exhaustion as will give the ordinary luminous phenomena — whilst 
the other is exhausted to about the millionth of an atmosphere. 
First the moderately exhausted bulb (A) w^as connected with the 
ioduetion coil^ and the pole at one side (a) being retained always 
negative^ the positive wire was put successively to the other poles 
with wtiieh the bulb is furnished » It wus seen that as the posi- 
tion of the positive pole was changed, the line of violet light 
joining the two pok^ changed, the electric current always 
choosing the shortest path between the two poles, and moving 
abont the bulb as the position of the wires was altered. 

This, then, is the kind of pbenotueuon we get in ordinary 
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exhaustion The same experiment was then tried with a bulb 
(B) that was very highly exhaiist^dj aiid» as heforej the side pole 
{d) was inadu the negative, the top pole {!/) beings positive* The 
appeamnee earn was very widely ditFet'eiat from that shown by 
the lastbulb* The negative [K>le was in the form of a shallow cup. 
The moleeukr rays from the cup crossed in the centre the 
bulhj and, thence diverging, fell on the opposite side and pro- 
duced a circular patch of green phosphorescent light. The posi- 
tive wire was removed from the top and connected first to the 
side pole {c) , then to the bottom pole {fi) ; hnt the green 
patch remained where it was at first, imehanged in position or 
intensity- 

We have here another property of radiant mat ten In the 
low vacuum, the position of the positive jmle is of t^vi ry impor- 
tance, whiUt in a hi^h vacuum the 
position uf the positive pole scarcely 
matters at all ; the phenomena 
seem to depend entirely on the 
negi*tive |X^le. If the negative pole 
points in the direction o[" the posi- 
tive, all very well ; but, if the nega- 
tive pole is entirely in the opposite 
direction, it is of little conse<jueiice : 
the radiant matter darts all the 
same in a straight line from tlie 
ncj^tive. 

If, instead of a flat disc, a hemi- 
cvlinder is used for the negative 
pole, the matter still ratltatcs normal 
to its surface. Tlie tube represented 
in fig. VM illustrates this property. 
It contains, as a ne^^ative pole, a 
hemi-cylinder (a) of polisheil alumi- 
nium. Til is is con nw ted with a fine 
copper wire, ^, ending at the pla- 
At the upper end of the tube is another 
terminal, The induction-coil is connected so that the hcmi- 
eylinder is negative and the upper pole positive, and, when 
exhausted to a sufficient extent, the projection of the molecular 
rays to a focus is very beautifully shown* The rays of matter. 
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bein^ Jriveu from tln^ hemi-eyli cider in a din?etiou normnl 
to its surface, coma to a foeus and then divei^g^j trailing their 
path in brLUinnt green jihospliorescence on the surface of the 

Another tube was shon^n, in which the focui of molecular rays 
was received on a phoipli orescent screen instead of on the g'lass* 
The eti'ect produced was most hrilliuut, and lighted up the whole 
table. 

ElDlA^>^"T MaTTEHj WHEN IXTtRCEPTED BY SoLlD MATTEa; CASTS 

A SUABOW. 

Radiant matter comes from the pole in straif^ht lines, and does 
not merely pemieate all parts of the tube and till it with light, 
a St would Ik* the ea^ were the eihanstion less good. Where 
there is nothing in the wuy, the mj-s strike the scrtH:n and pro- 
duce piio^phorescence ; and where etjlid matter intervenes, they 
are obstructed by it, and a shadow is thmwu on the screen. In 
the p^iir-shnpeil bulb (^tig, 198) the negative pole {a) is at the 
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pointed end. In the middle is a eroes {b) cut out of sbeel 
aluminium » so that the rays from the negative pole projected 
m]ong the tube will l>e partly intercepted by the aluminium crcwa®^ 
and will project an image of it on the hemispherical end of the 
tube which is pbosphoreBcent. When the eoil was turned on, 
the black eliadow of the cross was clearly seen on the iuminous 
end of the bulb (e, d). Now, the radiant matter from the negg<» 
tive pole has been passing by the side of the alumiuium cross to 



122 



EkcirO'Kimiks. 



prtidiice the shadow \ tlie glass has been hammered and bom- 
barded till it is apprecuibly warm, and at the same time another 
effect has been produced on the gloss — its sensibility lias U»en 
deadent^* The glass has got tired, if the expression may be 
used, by the enforced phosphorescence, A change has been pro- 
duced by this molecular bombard me r*t which will prevent the* 
glass from re@|>ondin^ easily to additional excitement ; but the 
part that the shadow has fallen on is not tired — ^it \\fS!^ not been 
pho^phoreicing at all, and is perfectly fresh ; thereiore, on the 
cross being thrown down * so as to allow the rays fram the negup-^ 
tive pole to fall uninterruptedly on to the end of the Indbj the 
black cross (t-, fi^;^. lyy) was seen suddenly to change to a 



Fig. \m. 

luminous one {t^ f)^ because the bock-*(round was now only 
capable of ftiiutly phosphoreseinjj, whilst the part which had the 
black shadow on it retained its full phosphorescent powen The 
stencilled image of the luminous cross soon dies out. After 
a period of rest the glass partly recovers its power of phospho- 
rescing, but it is never so gooil as it was at first. 

Here, thereiore^ is another important property of radiant 
matter. It is projected with great velocity from the negative 
polCj and not only strikes th*^ glass in such a way as to cause it 
to vibrate and become temporarily luminous while the discharge 
is going on, but the molecules hammer away with sufficient 
energy to produce a permanent imj^resi^ian upon the glass. 

RAUUJiT Matter exekts Strojjo MeciiAmojiL Actioh wueas 

rr Strikes, 

We ha%^e seen, from the sharpness of the molecular ^badows^ 
that radiant matter is arrcfitcd by solid matter placed in it*? path, 

* This muld W done hj giving the apparfituB asUght j<;rlc, th^ cnie» hatitig 
Ufa ing^«nioti*ily c^n«tructe<l with a hinge bj Mn GiniingUHm, 
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If this mWA body is easily moved, the impaut of the molecules 
\rill reveal itself in strong mechanieal actit^n. ¥\^. 200 rt^presetits 




all ingvniotis piece of appnratus, cnnstmeted by Mr. Gimin^Uam, 
which, when placed in the eleetric lantern, rendered tSiis mecha- 
nical action very plainly viisible, It consists of a highly- 
uihaiisted ghii^s tube, havin|^ a little glass railway running along 
it f n>m one end to the other. The axle of a email wheel revolves 
on the rails, tJie spokes of the wheel carry ing wide mtca paddles, 
At each end of the t«l>e, and rather above the centre, is an alnmi- 
fiinm pole, so that, whidiever pole is made negative, the stream of 
radiant matter darts from it along* the tube, and, striking the 
npper vanes of the little paddle* wheel, causes it to turn round and 
travel along the railway. By re ve rising the poles the wheel can 
l*e arrested and sent the reverse way ; and if the tube be gently 
inclined, the force of impact is observed to be sufficient even 
to drive the wheel iip-hilh 

This experiment therefore shows that the molecuiar stream 
from the negative pole is able to move any light object in front 
of it. 

The molecules l>eing driven violently from the pole, there 
should be a recoil of the pole from the molecules^ and by arrang- 
ing an apparatus so as to have the negative pole movable and the 
body receiving the impact cd the radiant matter fixed, this recoil 
can be rendered ?ensil>1e. Fig, ^Ul represents an apparatus whose 
appearance is not unlike an ordinary radiometer^ witli aluminium 
discs for vanes, each disc coated on one side with a 61m of mtca* 
The fly is supported by a hanl steel inttend of ghiss eup, and the 
needle p<nnt on which it works* is connected by means of a wire 
with a platinum terminal sealed into the glass. At the top of 
the radiometer bulb a second terminal is sealed in. The radio- 
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meter therefore can be connected with nn induction-coil, the 
movable fly being made tlie negative pole. 

For these mechanical efTects the e^biiustion need not be m 
high as when phosphorescence is prtwiueed. The best pressure 
Jbr this electrical radiometer is a little beyond that at which the 
dark space round the negative pole extends to the sides of the 
glass bulb* When the pressure is only a few niillims* of uier* 
curyj on passing the induction current a halo of velvety videt 
light forms on the metullic side of the vanes, the mica side 
remaining dark. As the pressure diminishes, a dark space is 
seen to separate the violet halo from the mi^taL At a pressure 




FrK. 201. Fig. fC^ 



of half a millim. this dark space extends to the glass, and rota- 
tion commences. On continuing the exhaustion tlie dark space 
further w^idens out and appears to flatten itself against the glass, 
when the TOtation becomes very rapid. 

Fig-2U2 represents another piece of apparatus which illustrates 
the mechanical force of the radiant matter from the negative 
]X)lc, A stem (a) carries a needle-point in which revolves a 
light mica fly [b A), The fly consists of four square vanes of 
thin clear mica^ supported on light aluminium arms^ and in the 
centre is a small glaes cap which rests on the needle-point* The 
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Taoes are indmed at an an^la af45°to the borizoatal plane. 
Below the fly is a rin^ of fine platmum wire {e r)^ the ends 
of which pass through the glass at d (L An altiniiuiam terminal 
(tf) is sealed in at the top of the tube, and the whole ise^thausted 
to a very hi^h point* 

By means of the electric lantern an image of the vanes was 
projected on the screen. Wires ft-om the induction-coil were 
attached^ so that th^ platinum ring was made the negative pole, 
the alumimum wire (e) being positive. Instantly > owing to the 
projection of radiant matter from the plattnnni ring, the vane s 
rotated with extreme velocity* Thus far the apparatus Imd shown 
nothing more than the previous experiments had prepared us to 
expect J but another phenomenon was then erhibiteth The indnc- 
tion-coil was disconnected altogether, and the two ends of the 
platinum wire connected with a small galvanic battery ; this made 
the ring e € red-hot^ and under this influence it was seen that the 
vanes spun as fast as they did when the induction-coil was at 
tvork. 

Here, tli*^n, is another most important fact. Kadiant matter 
in these hi^'-h vacua is not only excited by the negative pole of 
an induction -coil, but a hot wire will set it in motion with force 
sufRcient to drive round the eloping vanes. 



RaDIAKT MaTTEE is DEIXECTED BX A MaGNUT, 

We now pass to another property of radiant matter. The 
long glass tube, shown in fig. £03, is very highly exhausted i it 




has a negative pole at one end {a) and a long phosphorescent 
gcreen c) down the centre of the tube. In front of the nega- 
tive pde is a plate of mica d) with a hole (<f) in it,- and 
when the current was turnal on, a line of phosphorescent ligljt 
[e^f) was projected along the whole length of the tube, A 
powerftd horse-shoe magnet was now placed beneath the tube, and 
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the li ne of light [e^ 0] became cur\rt;d under the m<ign6tic infla* 
euee^ waving about like a flexible wand m the magnet was moved 
to aod li'o. 

This action of the magnet is very eunousj and, If carefully 
followed up^ will eluoidate other properties of radiant matter. 
^04 represents a tube exactly similar^ but having at one 



end a Email potash tube, which, if heated^ will slig'htly injure the 
vacuum. When the induction current is turned ohj the ray of 
radiant matter is seen tracing its trajectory in a curved line along 
the screen J under the influence of the horse- shoe magnet beneath. 
Let us observe the shape of the curve* The molecules shot from 
the negatiye pole may be likened to a discharge of iron bullets 
from a mitrailleuse, and the magnet beneath will represent the 
earth curving the trajectory of the shot by gravitation. The 
curved trajectory of the shot is accurately traced on the luminous 
Eereen, Now suppose the deflecting force to remain constant ^ 
the curve traced by the projectile varies with the velocity* If 
more powder he put in the gun, the velocity will be greater 
and the trajectory flatter ; and if a denser resisting medium be 
interposed between the gun and the target, the velocity of the 
shot will be diminished, and it will move in a greater curve 
and come to the ground sooner. The velocity of this stream of 
radiant molecules cannot well be increased by strengthening the 
battery, but they ean be made to suffer greater resistance in their 
flight from one end of the tube to the other. In the experiment 
shown, the caustic potash was heated with a spirit-lamp, and so a 
trace more gas was thrown in. Instantly the stream of radiant 
matter responded* Its velocity was impeded, the mugnetidRif 
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had long^er lime oq wbieh to act on tlie lodividtial mokculeft^ 
tlie trajectory became more and more curved nntilj in stead of 
shooting nearly to the end of the tube^ the molecular bullets" 
fell to the bottom before they had got more than half-way- 
It \b of great interest to ascertaiti whether the law governing 
the magnetic deHection of the trajectory of radiant matter is 
the same as has been found to hold good at a low or vacnum, 
Tlie experiments just described were made ivith a very high 
vacuum » Fig, SI 05 represents a tube with a low vacnum. \Thcn 




the induction spark is turned on^ it passes as a narrow line of violet 
light joining the two poles* Underneath ia a powerful eleetro- 
tnagneL On making contact with the magnet^ the line of light 
dip» in the centre towards the magnet. On reversing the poles, 
the line is driven np to the top of the tube* We notice the 
diSerence between the two phenomena. Here the action is tern- 
jjomry. The dip takes place under the magnetic influence ^ 
the line of discharge then rises and pursues its path to the 
positive pole. In the high exhaustion^ however^ after the 
stream of radiant matter had dipped to the magnet, it did not 
recover itself, but continued its path in the altered direction. 

By means of the little wheel (fig. 206) skilfully constructed by 
Mr. Gimiugham, Mr. Crookes was able to show the magnetic 
deiection in the electric lantern. The negative pole {a^ is in 
the form of a very shallow cup. In front of the cup is a mica 
screen {cyd)^ wide enough to intercept the radiant matter coming 
from the negative pole. Behind this screen is a mica wheel 
(€,/) with a series of vanes, making a sort of paddle-wheel. So 
arranged^ the molecular rays from the pole a L will be cut off 
from the whet?lj and will not produce any movement, A magnet 
§ was now put over the tubcj so as to deflect the stream over or 
under the obstacle c and the result was rapid motion in one or 
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Ibe other direction, according to the wuy the magnet was turned* 
The iiuai^e of the apparatus] was tbrowa on the screen. The 




Fpiral lines painted on the wheel ebowed which way it turned » 
The magfnet was arranged to draw the molecular stream so as to 
beat against the upper vanes, and the wheel revolved rapidly as 
if it ^vere an over-shot water-wheel. On turning the magnet so 
as to drive the radiant mntter underneath, the wheel Blackened 
speed, stopped, and tlien bt-gnn to rotate the other way, like an 
under-shot water-wheeh This reversal can be repeated as nft^n 
as the position of the magnet is reversed. 

We have mentioned that the molecules of the radiant matter 
discharged from the negative pole are negatively eleetriCed, 
It is probable that their velocity is owing to the mutual 
repulsion between the similarly electrified |K>Ie and the mole- 
cules* In less high vacua, such as that shown in fig. £05, the 




discharge passes from one pole to aD other, carrying an electric 
current as if it were a flexible wire. Now it is of great interest 
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to aseertaiD if the stream of radiant matter from the negative 
pole also carries a curren t Fig. 207 is an apparatus whicli de* 
ddes the question at once. The tube contains two negative 
terminalfl {a, h) close together at one end, and one positive ter- 
minal (r) at the other* This enaLles two st reams of radiant 
matter to be sent side by side alou^ the phosphorescent screi^n ; 
or, bj discoii nee ting one negative pole, only one stream- 

If the streams oi' radiant matter cjirry an electiic current, they 
wilt act like two parallel conducting wires and attract one another; 
but if they are dimply built up of negatively electrified molecules, 
they will repel each other. 

The upper negative pole (a) was first connected with the coil, 
and the ray was seen sliooting along the line f. The lower 
ni'gjitive pole {fj) was then br<»ught into play, and another line 
{e &) darted along the scii*en. Instantly the first line sprung up 
from its first position, dj\ to d showing that it was repelled, 
and the lower ray was also deflected downwards : therefore ike fmi 
patalkl itreams radiant malhr exerted mutual repnlnon^ ueii^g 
m^i like cnrreui carriers, dnf merely ai similar electrized iodies, 

Radukt Matter ?rodlk:es Heat whex its Motion* is 

ARliESTED. 

Another proi>erty of radiant matter is that the glass gets very 
warm where the green phosphorescence is strongest. The mole- 
eubf focus on the tube (fig. 197) is intensely hot* 

An apparatus was exhibited by w hich this heat at the focus was 
tmde visible to the audience, 

A small ttibe (Hg* ^Uti) was prepared with a cup* shaped 
negative pole. This cup projects the rays to a focus in the 
middle of the tul>e. At the side of the tube is a small eleetro- 
magnetj which can be set in action by touching a key, and t!ie 
focus m then drawn to the side of the glass tube (fig- 209), To 
show the fit^t action of the heat the tube was coated with wax. 
Th« apparatus was put in front of the electric lantern, and a mag- 
nified image of the tube was thrown on the screen. (Plate XLVL) 
The coil was set to work, and the focus of molecular rays was pro- 
jected along the tube* The magnetism was turned on, and the 
locus drawn to the sxd^ of the glass. The fi i^st thing seen was a 
small circular patch melted in the coating of wax. The gla^a 
soon began to disintegrate, cracks shooting starwise from the 
centre of heat. The glass softened, next the atmospheric pressure 
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forced it in, and then it melted, A hole {t) was perforated in 
the middlej the air ryshed in, and the experiment waa at an end* 
We can render this focal heat more evident if we allow it to 
play on a piece of metal The bulb (6g, 210) is furnished with a 
negative pole in the form of a cnp {a). The rays will therefore 
be prcvjected to a focus on a piece of iridio-platinum (A) supported 
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The indtiction-eoil was first Blightly turned on so as not to bring 
out its full power. The focus played on the metul, raising it to 
a white heat. By bringing a small magnet near, the focus of heat 
was deflected just as was the luminous focus in the other tube. 
By shifting the magnet the focus can be driven up and down, 
or drawn completely away from the metal ^ so as to leave it non- 
luminous. On withdrawing the magnet so as to let tlie molecules 
have full play again^ the metal became white-hot. On increas- 
ing the intensity of the spark, the iridio-platinum glowed with 
almost insupportable brilliancy, and at last melted * 

* The Id^heet vacuum Mr. Crook f 8 Lai jet euecwdcKi In abtamtng ha» been 
th© l-2<Jj30(>,TOjtb of in fttmosphpr**, a degree which may be better iiiid<?r- 
»lood if wti B»y that it eorrenpondfl to about thc» liundrcdtii of an inch in a 
barometric eolumn three miles higli. 
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SLECTHOLYSfS. 
DESCltlPTIDH OP THE PHEBTOMENOir* 

If a binary compound body in a liquid state has & current of 
electricity passed through it, it is iu geneml decomposed into its 
eonitituent elements, one of which appears at esieh of the points 
where the cnrrent enterB and leaves the liquid. 

If two platinum wif^ be immersed in acidulated water, and 
connected to a battery, the water will be decomposed ; and hydro- 
gen will appear at the ne^tive pole, oxygen at the positive, and 
the volume of t!»e hydrogen produced will always be double that 
of the oxygeiL 

If E solation, say of sulphate of copper, is substitnt^d for the 
acidiihited water, copper is de|>o«ited on the oegative pole^ while 
sulphuric acid is liberated at the positive, 

Faraday's Nomenclaturk* 

The process of resolving compound bodies into their consti* 
tuents is called Elect fal^tk* The bodies acted on are called Elee* 
troijtei. The poles at which the decomposition takes place are 
called EUHrode^^ 

The electrode attached to the zinc of the battery is culled the 
cathode / nnd the other, the anode^ 

The products of decomposition are called iom ^ those which go 
to the anode are called auwns and those which go to the cnthode 

Thus chloride of lead is an elecf rol^ie^ and when eiecirol^sed, 
by having the eltcir&dfi of a battery immersed in it, evolves the 
two ion9^ chlorine and lead, the former being an anion^ the latter 

• "Fip. Rei, " 065p vol i, p. 
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Laws of Electeolysis.* 

JVi? element at substance can he an electrolyte* 

For by definition^ aa elementary substance is that whicli oan- 
uot be separated into two constituents* 

Elect rol^ us only occurs while the body is itt fhe liquid ifafe. 

The free mobility of tbe particles is vk necessary condition of 
eleetrolysis, for tbe process can only take pkce ia one of two 
ways, 

Tliy molecule next one of the electrodes is decomposed* One 
oonstituent of it g^oes to the near eleetrodei and the other either 
travels to the other electrode or com bines with a constituent of 
the molceule nest to itj setting free a portion similar and equal 
to itself ; which in its turn combines with the corresponding 
portion of the molecule next to if, and so on. In either case the 
free mobility of the particles is an essential condition. 

Nevertheless^ electrolysis sometimes occurs in viscous solids ; 
but only in proportion to their fluidity. 

Fused nitre is an excellent conductor in the liquid state » If, 
however, a cold platinum wire connected to a battery be dippcxl 
into it, electrolysis does not commence till the crustofsolidnitre^ 
which is formed round the cold wire, has had time to re* molt. 

On this point Professor Maxwell^ saySj — 
Claudius, J who has bestowed much study on the theory of 
the molecular agitation of bodies, sup|}oscs that the molecules of 
all bodies are in a state of constant agitation, but that in solid 
bodies each molecule never passes beyond a certain distance from 
its original position^ whereas^ in fluids, a molecule, after moving 
a certain distance from its original position, is just as likely to 
move still farther from it as to move back Again. Hence the 
molecules of a fluid apparently at rest are con tin no Uy changing 
their positions, and passing irregularly from one part of the fluid 
to another. In a compound fluid he supposes that not only the 
compound molecules travel about in this way, but that, in the 
collisions which occur between the compound molecules, the 
molecules of which they are composed are often separated and 
change partners, so that the same individual atom is at one time 

• See Miller'B '* Cbemiittry,'* 4th ed. vol. L p. 516- 
t Maxwell s El^etrieity,*' 256, voL p. 309. 
t Pogf . Anu. Bd. ci. s/338 (185?). 
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assoeiaied with one atom of th^ oppogito kititlj and at anoihor 
lime with another. 

*' This process Clausiiis supposes to go on in the liquid at all 
times ; but when an electro- motive force acts on the liquid, the 
motion* nf the molecalea^ which before were indiSerently in all 
directions, are now influenced l>y the electro-motive foree^ so that 
the positively ehiirg-ed molecules have a greater tendency towards 
the cathode than towards the anode, and the negatively charged 
molecules Imve a greater tendency to move in the opposite direc- 
tion. Hence the molecules of the cation will, during their in- 
tervals of freedom, struggle towards the cathode ; hut will con- 
tinually be checked in their course by pairing for a time with 
molecules of the anion, which are also struggling through the 
crowds but in the opposite direction/' 

The direction of the molecules is always the same with regard 
to the direction of the battery current. 

The following very instructive experiment for ahowing the 
definite direction of electrolytic force is due to the late Dr. W, A* 
Miller* He saje^ — 

" Let* four glasses he placed side by side as represented in fig, 
211^ each divided into two compartments hy a partition of card 
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or three or four folds of blotting paper, and let the glasses be in 
electrieal communicaHon with each other hy means of platinum 
wires which terminate in strips of platinum foil. Place in the 
glass No. 1 a solution of potassic iodide minted with starchy in 
No, 2, a strong solution of common salt, coloured blue with sul- 
phate of indigo ; in 3, a solution of ammonium sulphate^ coloured 
Hue with a neutral infusion of the red cabbage ; and in 4j a 
solution of cuprie sulphate* Let the plate H be connected with 

• MiIUt a " Ebm. Chetn./* vol. i. p. 517, 
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the positive wire, and let A complete the circuit tliruu^^h tht; 
ne^tive wire. Under these ci re u instances iotline will Bpeediljr 
be set free in and will form the blue iodide of starch ; chlorine 
will show itself in D, and will bleach the blue liquid ; sulphuric 
acid will be seen in E, and will retlden the infusiou of cabbagie j 
eulphuric acid will alRO he liberated in as may be seen by intro- 
ducing a piece of blue litmus paper, which will immediately be 
reddened; whilst a piece of turmeric paper will be turned brown 
in A, from Hl)erated potash ; in Cp it will also be turned brown by 
the soda &ct free ; in £j the blue infusion of cabbage will become 
green from the ammonia which is disengaged ; and in G, metallic 
copper will be deposited on the platinum foiL" 

For a cousitinf qnantU^ trf eiecfricif^j wkuteret Ike dt*compos!ug 
conductor ma^ he, wit ef her waivr^ mllue mlutions^ acids, fused bodies^ 
ijfCf the amount of clectra'chemlcal acthn m a eon 9t ami quanftf^. 
That iBy the same quantity of electricity will always produce 
the same amount of chemical effect* 

The same current electrolyses different quantities of different 
sfubstanees, but the proportion of one to the other depends onljf 
an their chemical equivalents. 

Thus, i£ a current from a battery be sent through a series o 
troughs containing respectivelyj — 

Walter (Hp OK 

Fused plumbic iodide * * , , (Pb I,)^ 
Fumd Btaanoui cblonde . * . (@n Clj) 

then for each 65 millig^rammes of zinc dissolved in any one cell 
of the battery, there will be producedj — 

(2 X I) = 2 milligranimei of byMrog^Ht 
16 „ otaiygtn, 

207 M ofleadp 
(2 X I'^T) = 254 of iodine, 

H§ n of tin, and 

(2 X 35*5) =71 „ of chbrine; 

and these numbers^ — 

65, 1, 16, 207, 127, 118. 35.5 

correspond to the chemical equivalents of the elements reipee* 
tively- 

If three similar vessels A, with platinum plates, and con- 
• Faraday's ' Bxp. Re*., ' 506, vol L p. 143. 
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tQiDit)^ scidubied wat^r^ be arranged as to fi^. 212, and a battery 

V ^ \ E ^ 

carrent passed through them, the sum of the quantities of gn^ 
produced in B and C will be exactly equal to that produced in A. 

The VoLTAMBTEIi. 

This fact enabled Faradiiy to iuveut the Ft>/^tfiM<f^^, which eon* 
aist^ of a trough containing acidulated water ^ and having elec- 
trodes inserted in it. Receivers over the electrodes collect the 
gae produced. The quantity of ^as prodHced per minute is an 
ahmMe measure of the mean stren^fk of Ike current during that 
tiiiie ; and the total quantity of gas is a measnre of the total 
strength of the current • 

It is necessary to collect the gases ffeparatelvj as chemically 

clean platinum has the power 
of inducing their recombina^ 
tion.t 

Fig, 213 shows a com- 
mon form of the instru- 
ment* 

The tubes are previously 
filled with water and in- 
verted over the elect rod ef^. 
As the gas rises it displaces 
the water. The amount of 
Fi^. 313. gna formed is kno^vn by 

grod nation B on the tabes, 
Hectrolysis i& of great practical importance, for nearly all the 

• For uuvtAnoei if C were the stren^h of the current, measnped by a teD(^i?t 
galfinoiiMttrt and A, the qnnntity of gstB produced between the limeA 

tfUid t tnAj write A = kjf^ C rfA where k is a conatm^L 
t Fiiraday, Exp, lies.," SeHe» vi. vd. i. pp, 16^194 
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operations of plating, whether with copper, silver, or gold, are 
perrormed by making the substance to he plated, the negative 
electrode in a solution of a salt of the metal with which it is 
desired to plute it.* 

ELECTBOLyXlC PoLAUISUTIOBf. 

We have hitherto supposed the currents to he stroog enough 
to decompose the liquids employed. When, however, only one 
DanielPs cell is used, deeom position does not take place j but % 
etate of polarization or strain is set up which very closely 
resembles that set up in a charged Ley den jar. 

In fact, electrolytic polarizntion may be compared to the 
ordinary charging of a Leyden jar, and decomposition to the ease 
where the charge of the jar is strong enough to perforate 
the glass. 

Messrs, Ayrton and Perry f have measured the rata of charg- 
ing of a voltameter, and the rate of the return of the charge, 
and they have found a very close resemblance between the 
electrolytic curves and those obtained for the charging and 
discharging of a Ley den jar. 

They have also found ^ that both the electrolysis and the Ley den 
jar curves are precisely similar to those expressing the deflectiou 
of a beam by weights, and its return when the weights are 
removed, and that the same form of miathematieal (dilFerentiat) 
equation will express all three phenomena. 

Measurement of Deflectioxs. 

The rapidly changing currents and potentiuls were measured 
by means of a reflecting galvanometer and electrometer whose 
light- spots were thrown on to a large rapidly revolving barrel 
covered with white paper. 

The limits of swing were noted by making rapid dots with a 
pencil at the extreme positions of the light-spot* By this means 
two curvefl were obtained (fig. £14, 1, 3, 6, 7, and 2, 4, 6.) 
It is clear that the curve Aj B, . » , E, expressing the mean 
value of the current or potential, must lie somewhere bt*tween 
these curves. 

The authors show mathematically that each point on the 
♦ Milkr'fl '*Clu*mi»try," voL i. pp, 511—6^18. 

t Joornal of Soc of Telegraph Engineers, 1877, vol v., Ko** iv., %xu p. 391, 
t %m vol i. p* 66* 
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mean curve may l>e obtained Ly bisecting tbat portion of the 
ordinate wbicb lies between tbe extreme curves. 




Fig. ill. 

We that the 7Jg2ag line Lj £j 3, 4^ 5, 6j 7, is the path of 
the spot of light. 

Method op Exfeeijienting, 

Two platinum pkte?j each ten by eight centiras,, wrre placed 
SI '3 ceDtims. apart in a mixture of pure water and Bulphuric 
acid (ep, gr, of mixture l-Old at 50^^ Fahr}» 

These plates could be connected by means ot a key to one 
Daniell's eelli the current flowing in at any time being measured 
by a galvanometer. 

The plates were kept permanently conneetefl to a quadrant 
electrometer by which their potentials could le measured. 

When the circuit was broken, the plates were left insulated, 
and subsequently connected by resistance coilsj and a very 
delicate reflecting galvanometer, by means of which tbe "return 
current" or residual charge " wasj measured. 

The time of any observation was noted by means of a " break- 
circttit chronograph/' This consists of a rapidly-running " Morse 
Ink* writer/' in which a pen is held down by an electro- magnet 
upon a rapitlly-moving ribbon of paper and produces a continuous 
line as long as tbe current flows in tbe electro-magnet* At the 
commencement of each second, a clock breaks the circnit for a 
moment^ prndaeing a gap in tbe line. 
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At the inBtant of any events which it ii dcsirad to recordj the 
circuit is broken by hand or otherwise^ and a gap made in the 
line whose position between the two nearest ttme-gaps gires the 
time of th^ event. 

The first result obtained was that^ at the instant of making 
contact, there is an enormously large current into tbe voUameter, 
far greater than the experimenters were able to measure. 

In fig. 215, time is measured along OX, starting from 0, which 
represents the moment of closing the circuit. Galvanometer 
and electrometer deflections are measured along OY^ 

The curve expressing the fall of battery cnrrent is something 
of the shape of that of AB (fig, SJIS)^ only that during the 
fii-st quarter of a minute the ordinate of the curve would be 
much greater than OA, 

This is analogous to the fact that a rapid stream of sparks can 
be sent into a Leyden jar for a few seconds until it is charged^ 
after which it will not receive any more. 

CnuvE A'B'Ca 

The ordinates of this curve represent electromeier deflections. 

The line A'O' represents tbe 
rise of jK>tentiul during forty* 
61% minutesj during which tbe 
battery was kept connected to 
the electrometer. At the end 
of that time the battery was 
disconnected J and the plates lellb 
insulated, except that they were 
connected through the acidu- 
lated water. 

The fall of the potential is re* 
_ presented by the curve B'C, 
After aixty*six minutes morej 
they were connected through 
12,000 Ohms resistanccj and the cnrve shows the fall of 
potential to the end of the experiment. 
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Curves DE, AEFGG'. 

Wlieu the voltameter was connected to the battery^ the current 
diminished rapidly. The fall during eleven minutes is represented 
by the curve DE. 

During the same time the potential increased from A' to E. 
At E the plates were insulated^ and EF shows the fall of potential. 
At F, twenty-two minutes from the commencement of the 
experiment, the plates were connected through 12^594 Ohms, 
and in 8} minutes the potential fell to G. 

The plates were than again insulated, and the potential rose 
toG'. 

The shape of the curve GG' is exactly similar to a carve 
obtained by the soaking out'^ of the residual charge in a Leyden 
jar which has been discharged for a short time, and ihan 
insulated. 
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CHAPTER XXXIX. 

SECOSfDAEY BATTERIES EHEO^ATIC MACJIINBa. 

Wben a current is sent through a voltameter for a considemtle 
timej the plates acquire some sort of electrical polarization^ such 
tbatj if the batteiy be removed and the plates counected b}^ a 
wire, a current will be observed in the wire in the reverse directioo 
to that of the battery current. 

When the plut^s of the voltameter are made very large, it 
takes a longer time to polarize the plates, but the reversal or 
"secondary'' current is extreraely powerful. The secondary 
current only lasts a short timcj but its total energy is equal to 
the total energy which it has received from the battery in a 
long time^ and, therefore^ during the time which it lasts, the 
secondary cnrreut will be much stronger than the primary " 
or battery current. 

Advantage has been taken of this fact in the construction 
of " secondury batteries/' which enable us with two or three 
cells of Grove or Bunsen to obtain, for a short time^ effects equal 
to those which could only be obtained directly by the use of 
many hundred cells. 

Plaxt^'s Reseaeches* 

The most important researches which have been made on 
secondary batteries are those of M, Gaston Plantd,* now (Feb. 
1H80) in course of publication. 

The form of Secondary Element" which he uses is shoivn in 

• BecbcTches sar 1*6 lectricite," par Gaston P)^nt(^. (pArif : A, FDumettu.) 
T*im. L, 14 Fer*. 1879. 
Tom. \U fu-e. t,, 30 Sept., 1879. 
Tom. IL, fasc ii-i 16 Oct., 1879, 
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fig^ iJ6- It consists of two lar<^e sheets of lead, ol' rather 
more tban one square metre area, kept 
apart by narrow hands of gutta-pert?lia, 
and immersed in diluted sutplinric acid 
of the strength 10 to 1 • 

Any number of tbese secondary ele- 
ments can be connected so as to form a 
secondary battery, 

M* Plante ha^ also con^tnicted batteries 
consisting of a series of Hat lead plates, 
immersed in acid, arran^d altornuldy like 
the platen of a condensenf 

When a secondary battery, consist ing of 
six plates, each 0'20 metre by 0'2:^j and 
having an available surface of al'oiit ^ a 
b!4^tiare metre, was excited by two Buuscn 
cclls^ the secondary current produced was ^ " 
found to be strong enough to heat to 
redness wires of iron, steel, and platinum 
one millim. in diameter. 

" FOHMATION " OF THK PlATK«. 

It was found that, when the plates had been in use some time^ 
they gave V>eiter effects thari when ihey were new. An investi- 
gation of the conditi<3ns under which their action improved led 
Plante t to the discovery of a method of "forming" the 
plates — that is, of causing them to assume the best condition for 
the production of the desire<l effects. 

It is found that two or three Bunsen or Grove cells will 
prwluce a better "formation" tlian jmy nutnhtr of Daniell's, 

The process is as follows 

On the first day the secondary element is charged alternately 
in the two directions some live or six times, and dijtchnrged 
between each reversal of the primary. 

It will be found that the secondary cnrrent gets stronger a!\er 
each reversnh 

• riant^. Torn. L, p. 35. 
t ^ol, i, p* 67* 
I Phmte. Ton*. I;, pp. AS^U. 

38 
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The six chargings at'e as fullows^ where positivo" ineana ane 
direction of the current, *^ negative " the other dii*ection, 
1 Current *f for \ hour. 



- i 
+ . 1 

" « 1 



After the last charging, the secondary element is not discharged, 
but ia left charged {— ) ufltil the next day. 

The next day it is chared alternately + and — several 
times J each charging lasting % hoursj after which it is found 
that the secondar}' current does not increase any more* 

The element is theo left at rest, charged ( — ) for 8 duys, when 
it is again charged + hut not reversed again that day* Then it 
is allowed to rest for 15 days, then for one month, two months, &c*, 
and it is found that its fH>wer still goes on increasing, the 
increase being only limited by the thickness of the lead phitts* 

Tlie improvement appears to be caused by the |K;netratton of 
the elcetrcilytie action into the interior of the plates, and the 
intervals of rest are necessary in order that the crystalline 
layers which are found to he formed in the metal may have 
time to harden before the reversal of the current 

COXNECTION IN S^llIKS OR SlDE BY SlBE. 

A number of eecondary elements can be connected either in 
series ^* or " side by side^' in precisely the same w*ay as a num- 
Ijer of ordinary battery cells (Voh I.j page 267), and with exactly 
similar results. 

Heating Effects or the Secondahy Cubrknts, 
If four or five elements be connected side by eide,*^ and then 

discharged through a short thick 
iron wire, it will be fused into 
a ball as in fig, 217, 

Tlie surface of the incandescent 
ball will apfiear to " Ijoil," and 
will be covered with spots, as 
bubbles of gas burst through 
from the interior 

The bulbs develope themselves 
very rapidly, and generally end 
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by bursting' tlie envelope of liquid irou which surrounds them, 
and fijriog to pieces. Sometimes, however, the wire fuses first, 
^uid the ball cook and is preserved. 

Mag^tetic Effects, 

The secondary currents are able to raagfnetize electro- magnets 
tnueh more powerfully than the primary currents from which 
they are derived- 

DuBATiOK m THE Secokdaet Ccebents.* 

The secondary currents last longer when the plates have been 
well *^ formed^' than when they are new. 

Their duration also dejiends on the resistance through which 
they are being- discharged, b<;in^ of course longer when the 
resist^ince is hig^h* 

Ttie dischargee of one element will keep a platinum wire of one 
mitltm* diameter red hot for from one to ten minutes occordiog 
to the degree of its " formation/' 

An element which wiU only keep a thick wire red hot for a few 
minutes will keep a platinum wire ^ millim- in diameter in a 
stute of incandescence for a full hour, 

CoirSTANCT OF THE CuRRENT, 

It is founds when the resistance is considerable^ that the cur- 
rent rcjuains sensibly constant during the time which it lasts. 

PaESERVATIOif OF THE CkAEGE. 

It is found that a well-" formed element will give a good 
current two or three weeks after it has been charged. 

Electro- MOTIVE Force, 

It is found that the electro-motive force given by one element 
is about 145 to 1 50 times that of a Bunsen cell, ie, about 2*5 
volts- 

I^USSfOEMATlUH or TBfl CtliRENT OP A YoLTAIC BAXrEEY BY 
HEiUrS or A SeCOXDART BATTERT.t 

In order to obtain currents of higli potential, a numljer of 
■eoondary elements arearrangijd ''side by side and charged, and 

^ Plants Tom. p. 6S. 
t Ibid,, p* ^ 
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then arc coEnected in series. While the elements are l>ein^ 
chargi*tl, they are arranged as in lig. SitS, 



Pi 1', 




The conoections are then altered to the arrangement of ii^, 219, 
wlien the difFerences of potential given to each element separately 





Fig. rifl. 



are all added together and produce a great difference of potential 
at the ends of the Lattery, 

Fig, represents an ingenious mechanical contrivance frr 

d ^^ 



> iff, 

mjiking this change of connections nipidly, A wooden roller, 
C C'^ can be turned hy meane of a handle^ Broad strips of 
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copfier (one of whicli is seen in front) are fixed along* each side, 
and short copper rods (seen verticid) 
art! fixi*d throug-li the roller. For 
cbargin^j, the niller is turned as 
shown in figs, 2£0, ^^21, bo that 
spnngs fmm all the ne|>ative poles 
press on one strip, and spring from all the posilive poles press 
im the other. 

To connect in series^ the handle B is tiimeJ through 90°, so 
that each spring is eonnerted hy one of the copper rods to the 
one opposite to it, us seen in Kvx-ttt, TT' are the diseharging 
poles for heatin|T long wires, QU' those for heating shorter ones. 

With a large secondary battery, consisting of 800 elements, 
some very fine luminous effects were obtained. It was charged 
I17 two Bunsen eel la for seveml hom*Si and then clise barged in the 
course of a few minutes. With a second nry battery of 200 elt?- 
ment^ a phitinura wire -/gr to -^^ of a millim. diameter and lU 
metres long was heated to i*edness. 

DificttARCE IX Vacuum Ti be^. 

A secondary Inittery uf SOU elements will illuminate a vacuum 
tube of high resistance'^ for %\ hours or more without re- 
eharging. The discharge was found to be beautifully stra* 
tified.* 

PLANtii's RUKOSTATiC MACHtKI£< — PlaTE XLVIL 

Tbe success of his experiments with secondary batteries led 
M. Plan te to con struct a llhto^taile machine '\ tor converting 
voltaic electricity into electricity of high potential, 

It consists ofa number of mica and tinlbil coudenscrs, and an 
arrangement exactly similar to that of the secondary battery for 
connecting the conductors in " side b}' side"* for charging, and 
"in series'^ for discharge. 

As it is possible to charge and discharge these condensers very 
mpidly, the handle is rotated continuously, and a continuous 
stream of sparks is obtained. 

Plate XLVIL represents a lar^£;e rheostatic machine containing 
80 condensers. Tbe cylinder at the top is 1 metre long and 15 

• Plants, Tom. i., p. 259- 

t Pbuid, Tom. 1., p, 26^ ; Tom. ii„ p. 2. 
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ecatims. in dmmeter, and the machine gives sparks of 1£ centimij 
or nearly 5 inches. 

By experiments where only portions of the machine were uaed^ 
M, Planto found that the length of spark was proportional to 
the number of condensers. 

The leng'th of spurk increases as the number of elements in 
the charging battery is increased, and increases faster than the 
number of elements ; but M. Plante was uuuble to determine 
the exact law of increase. 

The rheostatic machine was charged by means of a battery of 
from 600 to 8U0 secondary elements, or by from 50 to 70 Buu- 
sen cells. M, Plante did not find it to bo of much pm tical 
nse ; but it is of considerable theoretical interest* 

Rheostatio Machine for QuAH"Tm\* 

]\L Plante has also arranged a rheostatic machine for " quan- 
tity efteets. It, like the machine jnst described, has its con- 
densers arranged '^side by side'* for cbargin"^ by the secondary 
battery, but by a ditferent arran^ment of tlie commutator they 
are also discharged side by side " instead of in series. 

The commutator (figs. 2^3, is arranged to give the con- 
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denser dischar^ '^side by side without misiture with the direct 

discharge of the secondary battery. 

On an india-rubber cylinder are four strips of copper, each 

I the length of the cylinder, of which two, m n and pf are seen 

in the figures. 

Six springs, BCE, B^C'E'j press on the cylinder. 

The pair BB' are connected with the secondary battery, CC 

with the charging poles of a rheostatic machine (Plate XLVII.) 

whose commutator has been previously set in the position which 

connects its condensers " side by side/' The discharge is taken 

from the springs EE'. 

* Plants, ii. p. g3. 
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When tbe comiuutator is in tlie positioE sbowti in fig. 2^3, the 
tattery is connected with the rheostatic machine and charges the 
eondensers. 

When it is in the position shown in fijj. 224, the battery poles 
are insulated^ and the condensers are connected to the dischar^ng 
poles EE'. 

When the cylinder is revolved rapidly, it gives an almost 
continuous series of discharges. 

This commutator, instead of being revolved separately, is 
usually adapted to the machine itself fig* 2^5), 




When it is de&ired to use the tnoehine for quantity/^ the 
pin K is raised, wbicti disconnects th»? two cylinders and allows 
a'i* to revolve while a h remains at resL 

Wlien it is desired to use the machine for " series " effects, K 
is pressetl down, which connects the two ^^ylinders and causes a b 
to revolve, and tbe machine to act in all respects like the machine 
previonsl J described (page 145}. Although the short cylinder db* 
also revolves, it does not then prwluce any effect » 

PiSCHAUGE OF THE "QUANTITY " MACHINE. 

A series of brilliant sparks are obtained^ but only of a length 
of from tV 1^ millim,, much shorter than the direct discharge 
of the secondary battery, 

The spark, however, is much brighter and more violent than 
that of the direct disehar"^. 

The difference between the diseharg'es of the secondary battery 
with and without the (juantity maehine is closely analogous to 
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that between the discharge of au induction coil with and without 
a Leyden jar* 

Heating Effects. 

The heating- effect of the rheostatic machine is much greater 
when it is arranged for quantity than when it is arranged for 
series effects. 

Mechanical Effects. 

The mechanical effects of the quantity machine are very 
remarkable. 

If the machine is connected to a voltameter, the passage of 
each spark through the conducting liquid is accompanied by a 
loud noise resembling a small explosion. 

Nodes of Vibration in a Metallic Thread. 



If the current of the quantity machine be sent through a 
fine platinum wire (a h fig. ^26) about ^ millim. in diameter and 




Fig. 226. 

40 centims. (16 inches) long, it will be seen that a series of acute 
angles are formed at tolerably regular intervals all along the wire 
as in a!b\ 

If the polos are brought nearer together so as to slacken the 
wire, fresh angles are formed, and the wire takes the shape ciW\ 

If the length of the wire be reduced to about 10 centims. 
(4 inches), the current makes it white-hot, and it is twisted 
into the sharp angles a'"^'", presenting the appearar.ce of a 
continuous electric spark. 

* Vol. ii. p. 63. 
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Noise. 

The discharge through the wire is accompanied by a continuous 
crackling sound, very much like that of an electric spark, but 
produced in the wire itself. 

Fragility op the Wire. 

The wire becomes very brittle during the passage of the 
discharge. If the experiment lasts more than about two minutes, 
it breaks spontaneously. 

Conclusion. 

The following is the conclusion to which M. Plants considers 
these and other experiments (described in his book) to lead : — 

The phenomena which we have just described are of a nature 
to throw some light upon the mode of propagation of electri- 
city. Tlie molecular vibrations revealed by the nodes formed in 
the metal wire, by the noise observed in it, and by the notable 
change in its cohesion under the influence of the " dynamo- 
static ^' current, which we have just studied, ought to be produced 
in a less degree in conducting bodies traversed by electnc 
currents of less tension. These vibrations would be too small to 
be perceptible, but they are none the less real. 

" We may then conclude that the " electric movement ought 
to propagate itself in bodies in the same manner as'^ mechanical 
movement,'' properly so called, by a series of very rapid vibrations 
of the more or less elastic matter which it traverees.'' * 

• I do not myself express any opiaion on this conclnsion. 
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CHAPTER XL, 

MAGNETO-ELECTRIC AND ELECTRO* MA QKETIC EXOlKES, 
M A G XETO -E LE CTRIC M AC H IK K S . 

Thb fact that electric currents are produced ia a wire wlicti it 
moves in the neigbbourhood of a magnet has been utilisted in 
the constructtQii of magneto electric or (l^namo^eMne maL-hines 
in wljieh very powerful electric currents are produced hy rijvolviiig 
eoils of wire between the poles of Jnrg^ horse-shoe mngDets, 
The motion is given either by hand or steam powen 

The S [EM ens Ar mature, — Fio. 
in order 1o obtain the maximum eflcct, it ie necessary that the 
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moving; wires should cross the lines of m ague tie force at ri^ht 
anglesj and that the poles of the magnet Iwtween which the coil 
revolves should l>e as ciose together as possible. 

To satisfy these two conditions, Mr. Siemens has invented 
the " armature shown in tigr- 227, 

It coDsist-s of an axis which can be rapidly revolved, and on 
wliieli a coil of wire is moved hngUadinaliy, We see that this 
takes up but little room between the pole% and that the wire« 
move to a great extent at right angles to the lines of force. 

ALTEaiTATE CORREJTTS, 

Let A (fig* £28) represent a eross- section of one of the wires 
the revolving coil, and suppose it to be moving round the centra 
O in the dii^ection of the arrow between the poles SN of a horse' 
shoe magnet. 
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Wfi see that, as loti^r as it is to the right of the line EE', it 
will be erossitig- the lines of farce in one diree* 
lion ; and OS long as it ij* to the left, it will 
be crossing them in the other direction,* 

Ih© current in the wire will therefore bu 
reversed every huli- revolution. 

For some purj>ose« these alternate cnrrents i* 
ore preferable to a continuous current. Fig. 

When a continuous current is required, a " revolving com- 
mutator" is attached to the lucis of revohition of the coil and 
cttllects the alternatt^ cnn^ents^ and sends thetn oil in the same 
direction through the wire. 

Practical Foems op the Machine, 

An immense number of different forms of magneto-electric 
machines have bt*en constructed* We shall now only describe 
c»ne or two typical forms, referring the student for further details 
to treatises on Electric Lighting.t 

The Hand Gkamme Machikk. — ^Fio, ttS^, 

TIjc small Gramme machine, shomi in fig, 221>, consists of a 
powerful steel magnet made up of a number of thin strips of 
steel magnetized separately and then bolted together. 

The armature'^ consists of an iron ring round whose circum- 
ference a number of separate coils of wire are woutjfl s=o that the 
axis of each coil is tangential to the ring. Each clmI is connected 
to the one opposite to it. A revoUang commutator collects the 
currents of tho^^e coils which are moving across the lines of farccp 
and delivers them all in the same direction to the wires leading 
from the machine. 

The armature i^ revolved rapidly between the poles of the 
magnet by means of a multiplying wheel. 

This sized machine produces alxrut as much electricity as a 
pint-sised Grove cell, and (fives a difference of potential depending 
on the speed at which it is worked. 

It is usually supplied with two armatures — one wound with a 
short thick wire for " ^luantity " effects^ the other with a long thin 
one for experiments where a large di tie re nc4> of jjotential is required. 

t See Del Moneel, " Sar l EcUirag© filectri<ia^ " (Fiini^ Hauhette, 1879). 
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The STKAM-PowEa Geamme Maciunk, — ^Fia 230. 

Fig. StSO represents a lar^e Gramme machine intended fur 
the prodiietiou of a powerful electric light. It is driven by 
Bteam-power, and the armature revolves between the four poles 
of two very powerful ekciro-magnek. 

The cores of these electro- mag nets are of steel, and are magne- 
tized once by a battery when the machine is constructed. 

When the armature re vol vest, a feeljle current is ut first pro - 
dueedj but tlie connections are so arran^^ed that the current on 
its way from t!ie machine passes round the coils of the electro 
magnets and increases their magnetism. 

The magnets now act more powerfully on the revolving coil 
and cause a stronger current^ whieh in its turn strengthens the 
magnets, and po the p4>wer of the machine goes on increasing 
indefinitely as the speed is in creased »• 

* Thii arrarigeincnt waft fir^t used ifi " L>idd*t " djnamo'-elpt.'tnc maeUlne, 
bri>ug)it out in 18(>7. It I believe, the invt?ntion of Mr* Tiubj, who nt 
that time w»» in Mr* Ludd's emplojiuent Stse Proc, Row SiK., 1866-7* 
iroL XV, p. 



Gramme Alachine — De Merit ens Machine. 153 



As the current ^ets strongerj the resistance, which we know 
by Leuz^s law,* that it opposes to the motion of the wire gets 
greater, and a limit to the sjieed is reaoiied which depends on 
the power of the steam-engine employed to drive the machinct 




The revolving commutator is the same as in the band machine. 
In both forms the direction of the currents reverses when the 
direetioo of revolution is reversed. 

The lar^ machine stands about % feet 6 in. high. 

De Meritens' Machikb, — Fig, 231, 

Fig- £31 represent!? an arrangement now a good deal used, 
and invented by M. de Me ri tens. The coils are arranged round 
the cin:um Terence of a large revolving' wheel, outside which are 
tixed a number of jiowerful steel magnets. 

It gives rapidly altcrnatin*^ currents, the current in each coil 
l>eing reversed ns it pa? sea from the north to the south pole of any 
one of the miigucts. 

• ¥gl, 1, p. 319, 

t In actual n'orki there is a limit of advantagflCMU ftpded for ^ch 
mnehine depending ou the amount of mecbanical frictioo and Btmia on the 
bearingj), jcc 
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A oommutator can be fittacbed wheu direct cyri^nts are re- 
quired. 

Eleothu-Magkktic EKatNBS, 

Electric currents can be used to drive small en^nes. Tljese 
"electro-magjietic'* engines^ aa they are called, ure extremely 
useful for laboratory work, for driving rapid eoniinutatorSi re- 
volving* mirrors, Sec*, as they can be worked at grent speed, 
and started and stoppetl instantly, aud, moreover, do not require 
watching wben they are at work. 

The large cost of tbe %vm consumed in the battery as uompared 
to the coal consumed in a steam-engine of equal power probibite 
their employment on a large scale. 

The rapid break shown in Pkte XXXIIL {%ol, li. p, 48} is 
driven by a small electro- magnetic engine. 
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This engine, which is made by Mr, Apps, is of particularly 
good eonstruetioQ for high-speed %vorl£. Two horse-shoe elect n>- 
ma genets are placed with their poles facing each other* Ont3 ts 
fixed and the other revolves round au axis which is parallel to 
the cores, aod half- way between them. The current in the fixed 
magnet has a constant direction^ that in the revolving magm*! 
is reversed every half-revohition. The commutator is so arranged 
that the force between poles which are approaching each other is 
always attractive, and that hetween receding^ poles repulsive. 
Two screws regulate the pressure of the commutator springs. 

With a little care as to tlie adjustment^ it was found possible 
to drive this engine at a s]>eed of 100 i-evolutions a second. 

The rty-wheel of the engine is just two inches in diameter. 

Revkrsibiuty of Gkasime's Machine, 

If the current from a battery be sent through the wires of ii 
Gramme machinei the armature will revolve^ and the machine 
can lie employed to drive a lathe or do other mechanical work. 

Electric Tjlansmissioh of Power, 

Mechiinieal power can be conveniently and economically trans- 
mitted, say from a water- wheel, to a factory at a distance by 
means of two magneto-etectrici or us they are called Dynamo," 
machines, either of the Gmmme form or of some other con- 
struction. 

One being driven by the water power, the electric currents 
produced are carried through wires which may possibly be a mile 
long, and cause the second machine, placed in the factory, lo 
revolve and drive lathes, and do other meuhauical work,* 

* See '*The Electric Tranamisaion of Mechnnica] Power/^ A Lectun? 
drlivered to the wnrkinier njeci lit Sbtfflield, during the British AssociatUm 
Meeting in that taivii, \\\ bj ProtessAor W. E* Aj rtan. " EleuLricittu,'* 
August 30, 
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powerful current of electricity is sent 
throug-h two points of carbon 
placed in contact, tijoy may, afte? 
the curreut has commeiiccdj be 
separated to a di^^txinee of several 
Tiiillims, williout interrupting the 
current. 

When this is done, a brilHatat 
lig^lit is produced at tbe point of 
f?ep arat i on. A is th e 1 i gh f c on ti n uee, 
the carbons become sli^^btly woro 
away, and therefore the distanee 
increases. In order that the 
distance may not become too great 
to El Mow the current to pass, the 
carbons nuist be moved nearer 
together. This is ert'ected in 
several ways. In most fnrms 
of regulator, clock w^ork moves 
tJie carbons towards each other^ 
but is generally prevented from 
iictiug by a break worked by 
an electro-magnet, BB' (fig. 
232) thrtnigb wliose coils tbe 
current passes* As *ioon as, by 
the increase of distance betwceii 
tbe c;irbons, the current is en- 
feebled, the electro-magnet releases 
^itbe clockwork, and tbe carbons 
"^move towards encb other until the 



Electric Light — yablochkoff Candle, 



curreDt is suffietentljf eirengtliened to cause the magnetic break 
to agaiD come into action^ 

It is footid that the ( + ) carbon wears away more quickly than 
the (— ) one) and therefore, in order to keep the light in the 
same plaee, it is necessary that the former should be moved more 
than the latter. 

In the clock instruments this is managed by making the cog'- 
wheels, which gear respectively into the rack-works of the two 
carbon Sj of diSerent aises* An immense number of other regula- 
tors have been invented^ descriptions of which will be found in 
treatises on Electric Lighting* 

The smallest battery which will produce a light at all ig ten 
eells of Grove; for all lecture purposes forty or more are used^ 

Powerful lights are^ however, better produced by a " dynamo** 
machine. The lights shown in many of the lighthouses on the 
English coast are produced each by a "dynamo" machine driven 
by a powerful steam-engine. 
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Wlien a machine giving alternating currents i« used, the ar- 
rangement for moving the carbons uneqnally is not required. 

In lamps snch are used in leetureSj the carbon points are 
about I in, (3 mm*) sqnarep In the larger machinee^ however, 
the carbons are much larger. 

The Jabudchkopf Cakdle. — ^Fi&. 2SS, 

M, JaUoehkoff has invented a " candle consisting of two car 
hou rods BB' (fig, 2?i3) kid side by side, separated by a layer of 
kaolin or china clay. The current goes up one carbon and down 
the other, going across from one to the oilier at the top, where 
it farms the arc and the light. The carbons and clay burn away 
together. 

Several candles are usually placed in one lamp, and an auto- 
matic arrangement is provided (M 0> mj\ fig. such that, 
when one candle is nearly burnt otiJ^ a spring is released nnd the 
current is transferred to a fresh one. 



CHAPTEH XLir. 



EELATI0K8 BETWKBK BLKCTElCtTY A^V HEjLT* 

Heating Effect of the Electric CltirknTp 
CcTRREXTS heat the wires in which they pasi^. The heating* effect 
of a current is proportion^il to 

J, Tbe resistance of the contluctor ; 

Hie square of the strength of the current ] 
»*K The time during^ whieh the current lasts. 
The total amount of meehanieal work done by a current C, in 
overcoming- a resistance for a time is 

RC^t 

The amount of heat to which this is equivalent is founds by 
diiridiiig itbj^ J, tbe mechanical equivalent of heat;* and then 
we bave^ when the whole curiH?ut is converted into a quimtity 
of beat H — 

TH£aMO-El.EeTILIClTV. 

When two metals are soldered tog-etbcr so as to form a closed 
circuit, fig* 23+, and one of tbe junctions is 
heated more than tbe nther^ an electric current 
if? formed in the circuit, Tbe direction of 
the current depends on the nature of the 
metulsj and under certain conditions upon 
tbe tem pera tu re . ^ 

The streng-th of the current for a g-iven temperature and 
difference of temperature is different with different metals. The 
relation of the strength and direction of currentsj in different 
pairs, obeys tbe following law : — 

Let there be three metals A B such that if A and B be 
soldered totjetherf the current across the heated junction will be 
(rom A to B, and also such that, if B and C be solderetl together, 

* Se« Tjndall, ** He&t a Mode qT Motion '* (Lon^mads), 4th ed.f p« 72 
vt. 84 
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the current across the heated junction will W from B to C+ 
Thea experiment shows that, if A and C be soldered together, the 
current across the heatefi junction will he from A to C, and that 
its strength will be equal to the sums of currents l>etweett A B 
and B a* 

TiiEitMO-ELECTttic Scale. 

It Las been found possible to construct a Thermo-Electric 
Scale — *that is, a list of metals arrang-ed in such an order that^ if 
any two lie soldered togethetj the current across the heated junc- 
tion will be from the metal higher in the Itst, to that lower; and 
that the current between any two metals is always greater thaa 
that betw^een any other twOj the |K)sition of both of which in 
the list is between the two first, 

Tiie following is & Thermo- Electric Scale given bj Beequeitl :t 

Biflmiith* 

Platitium. 
Lead> 
Tin. 
Copper. 
Gold. 
Silver. 
Zinc?. 
Iron, 

AuttraoTiy, 

Tims w*e see that the strongest current is obtained hy a couple 
of bismuth and autimonyj and these two metals are therefore 
used for the construction of Tli er mo- Elect rk Piles, 

Thb Theemo-Elbcteio Pii^. 

With one piece of each metal only a feeble 
current is produced* 

When a more powerful current is re- 
quired , it is found possible to combine the 
clTects of a number of separate pairs. 

Thus, if the shaded bars in fi^. §£35 
represent antimony* and the plain ones 
bismuth; we shall see that, if all tlje june- 
^ tions ou one side are heated^ we shall 

* I give thin liiw on tlio aathority of M- MufCftri It U Btated in his 
Alictriciti Stattque^ T. ii. 427- He there that it was diHCOTerod hf 
B^Derel, but >;ive8 no reference, 

i Ann.de Cktmw, 2nd Series, ilL p. 353. 
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obtain^ in a wire joining the poles, the sum of all the currents 
prod need in earh respectively- 

Tbia is the arrangement of the thermo-electric pile, which 
is often made of several hundred couples, 
and with a sensitive galvanometer is bv far 
the most delicate thermometer known, 

Fi^. 236 represents the usual form in 
which the pile is made, A conical reflector 
can he placed on one end to concentrate 
Iteat on t|je face of the pile. 

The thermo-electric currents have very 
small electro -motive force, and hence gaK 
vano meters for their measurement should 
have short thick ivire. 

liEVEltSAL OF THE CUREENT. 

In 182*5, Cumrnin^ discovered that, if the temperature of one 
junction of certain thermo-electric circuits was raised above a 
certain point j the current in them was reversed. 

In a circuit of copper and iron, if one junction he kept at the 
ordinary temperature^ and the other be heated, the electro-motive 
force continues to increase till the hot junction has reached a 
temperature of about 284° C. When the temperature is raised 
still further^ the electro-motive force first decreases and is finally 
reversed. 

At a certain temperature T, the two metals are nentnil to each 
other* For iron and copper, T is, as we have said, about :^S4^ C, 

The reversal of the current may be obtained more easily by 
heating the colder junction* When the temperature of both 
junctions is above T, the current sets from iron to copper through 
the hotter junction — that is to say, in the reverre direction to that 
in which it flows when both are below T.* 

Electro- MOTH E Force. 

Professor Tait has in vestigia ted the electro-motive force of 
thermo-electric circuits of different metals, and at different 
temperatures. lie finds that the electro-motive force of a 
circuit may he expressed very accurately by the formula — 




• Maxweir« Eledridty," 252, vol. i. p. 304 
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wltere is the tibsoltite t^tnporatiir^* of the hot jutictioni that 
of tlie cold junction ; and /„ tlie temperature when the two metals 
are neutral to ea^h other, ^ is a co-effieientj depending on the 
nature of the metals, f 

Peltieu's Phenomehon* 

Peltier discovered that the thermo-electric effect is *' reversible 
— ^tljat is, that when a current is sent acroi?B the junction of two 
metals, tliejanetion is heated when the current is in one direction, 
and CiH>led when it is in the other, \ 

It must be remembered that a current alvv^ays heats any coo» 
ductor through which it passes. The fact that the heiitirs^ due 
to ordinary resistance is independent of the direction of the 
current, and that the Peltier effect is notj enahles us to measure 
the latterj for in one case the lieatin^^ will he that due t-o resis- 
tance plus the heating effect of the Peltier, and in the other that 
due to resistance minus the cooling effect of the Peltier. The 
cooling duo to the Peltier effect will then l>e half the difference 
of the heating effects of the currents in the two directions. 

The total heat absorbed at the junction of the two metals from 
a current C in a tirne t will be i 

n di 

where O is tlie co-efficient of the Peltier effect for the given metals 
— that TJJ, the quantity of heat absorbed at the junction from 
unit current in unit time, for the heat absorbed u proportional 
to the strength of the current and to the time during which it 
lasts. The heat generated at the junction may then be written 

- n Qt, 

for heat absorbed may be considered to be negative heat gene- 
rated. 

The heating effect due to resistance is by page 159 




♦ For an explanation of what ia menut bj ** atusolute tempcir&ture/* 
Mniweirii " Thwy of H*»iit iLonjfiiiHntt), 4tii ed* p. 161*. 
t Maiweir^ " Eiectricity," 254» vol I |i, 305. 
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The total Iieat generated in the compound eii*euit is then 

That is^ with the current in the direction which produces coolings 
in the juncition, the total lieatiug effect is less than if only the 
r^istance acted. 

Let the current be reversed. We know by experiment that the 
total heating effect will novr be greater than that due only to 
resistance. In the equation, this reversal of the current is 
expressed by changing the si ^n of C; that is, ivriting — C for C 
and we have — 

but (— C)'=C* and therefore reversing the current makes no 
change in the first term, while it changes the sign of the second, 
and %ve have — 

J 

.The total Peltier effect is then 
and the unit Peltier effect for those mctiils ig 



To determine experimentally the unit PeltiLT effect (IT) for 
any two metal we have then to solder them together and 
measure the quantities of heat produced by sending a known 
corrent for a known time, first in one direction and then in the 
other, and then to divide half the difference of the two quantities 
by the product of the current into the time. 

The quantities of heat can be measured by immersing the 
junction in a known quantity of a liquid of known epeeifie heat 
and noting the increase of temperature* 

We observe that it is not necessary to know the resistance of 
the wires. 

PvEO-EtECTEIClTY. 

It is found, when a crystal of tourmaline is heated, tliat its two 
ends become oppositely electrified* 

• Mfliwdl's Electricity," 248, vol. L p. 300* 
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The phenomena of "Pyro-electricity/* as it is calledi have 
been studied by M. Gauguin * 

M* Gaiig'ainhns shown that a tourmaline crystal^ when heated, 
miiy be considered as a voltaic cell of high electro- motive force 
and high internal resistance* On connecting the ends of a crys- 
tal by a wire^ a current of electricity is obtained on heating the 
crystal. 

The electro-motive force of different pott ions of the same 
crystal is proportional to itB length, and the eurrtiots product 
vary with the mean cross-section ^that is^ inversely as the 
resistance* 

In 1759 t Bergmann showed that the total quantities of 
and (— ) electricities produced are always equal, for their algebraio 
Fum is zero* 

This was pm^ed by placing a crystal of tourmaline in hot 
wat-er in an insulated metal vessel connected to an electroscope. 
It was found that no dcHeetion was produced* 

Tlie polarity of tourmaline does not depend on tlie temperature 
but on the variation of it. 

If a tourmaline AB be heated, it will be found that one end, 
A, is { + ) and the other, B/is (— ). 

Let now the crystal be discharged by touching its ends with 
the fingers. It will be no longer electrified* 

If it be now allowed to cool to its original tempemturei the 
end B will become (+ ) and A will become (— ). 

• "Ann, de Cbem* et Pliys./* 3" »er, t, kii* p* 5, and Mjuscart, "Electrieil^ 
t Phil. Trana* 1759, p. m 
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XLECTRICITT OF CONTACT. 

Wh£N two diflerent metals are in contact^ there is^ in general^ 
an electro-motive force acting across the junction from the one 
to the other. 

For instance^ if a piece of copper and a piece of zinc be 
soldered together, the zinc will be found to be positive as 
compared with the copper. Volta's theory of contact electricity 
is based on this fact. 

This electro-motive force cannot in general produce a current, 
for to form a closed circuit of the two metals, two junctions 
are necessary, and the electro- motive forces at the two junctions 
will be equal and opposite. It is found that the insertion of 
an intermediate metal does not destroy the balance, for the 
following law holds : — 

Let A B C be any three metals* arranged in circuit 

then the junctions are AB, B C, C A, and the electro-motive 
forces at them may be written 

^AB,^BC, ^CA; 
then always we shall have, if A, B, and C are at the same tem- 
perature, 

^AB + ^BC + ^CA = ^J ' 
or, the electro-motive force between A and B is equal and opposite 
to the sum of the electro-motive forces between B and C and 
C and A, and the same is true for any number of metals in 
circuit. It is obvious that if this were not so, the law of the 
conservation of energy would not hold ; for we could obtain a 
current without chemical or mechanical action. 

The neglect of this limitation led Volta and his followers into 

* C may be the wire of a galvanometer. 
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such absurdities, tlmt Faraday was induced to deny the existence 
of contact electric hy altogether. 

A large portion of the second volnnie of his Experimental 
Researches^' is devoted to proving that all eases of supposed 
elect rificattoti by contact can be shown to be due to either 
theniieal or meehanieal action. 

Faraday's mistake is easily explaineth The electrometer of his 
day (1S?J9) bein^^ a very untrustworthy instrumentj he used a 
galvanometer, wbieh would not show tlie existence of a simple 
difference of potential^ but only that constant renewing; of the 
difference which we call current In all these cases he rightly 
said that the effects observed could always be traced to some 
chemical or mechanical cause. It is now well known that, 
thmffh emitict jimluce^ a dfjferenee of polen/iai, i/iU di£'ereft€t of 
poieHtial oul^ produces a currmi when soma eriraneoitg meam are 
employed to keep it eomtandt/ reneiced. 

In the Voltaic battery, according to Voltii^s theory, the action 
of the lifjuid is to reduce the two metals to the same potentiaL 

The difference of potential being at once renewed at the 
junction, a continuous current is kept up at the expense of tlie 
chemical action between the liquid and one of the metak. 

Professor Max well quotes this theory* witljout expressing any 
opinion about it» Sir Wm, Thomson, f however, says, For 
nearly two years I have felt sure that the proper exphmation of 
Voltaic action in the common V^^Jtaic arrangement is very near 
Volta^s - , . , 1 now think it is quite certain that two metals, 
dipjied in one electmlytie liquid, will (when polarization is done 
away w^ith) reduce two dry pieces of the same metalsj w^ben 
connected each to each by metallic arcs^ t^ the same poten- 
tial" 

Instead of equalizing the potentials chcm ica Hy, we may do it 
mechanically^ ^s has been done by Sir \Vm» Thomson* J 

A copper funnel is fijced into an insulated zinc Uibcj as shown 
in fig* The contact between the copper and zinc produces^ 

a difference of potentiaL Copper filings placed in the funnel 



i 



• " Electiicitj/* 2i7. vol. L p. 300. 

t " I*rooe*diQga Lit, and PhiL &*c, of Maucheeter," Jua. 21, 1862, and 
" Pttpere on Eieciru-sUtit i*/* p, 318* 

X Froc, Koy. Soc, 1867, vd. xv\. p, 71, aad *' pApetB on Electra«»tatii 
p. 32k 
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acc|uire tlie same potential us the funnel, aod 
therufbre their potential differs from that of the 
zioe tube. They are allowed to stream oii: 
through the tul>e without t<juchiiig it. Eai.li 
as it falls becomes net^atively electrified by 
induction^ and they produce a rapidly in tTeasiiiir 
negative charg^e on a small insulated caoj plaetil 
to catch them. Now, if the can be connected 
to earth by a wir', a current will flow through 
that wire as long as the strenm of filing^s 
contioues. In this case the difference of 
potential is undoubtedly caused by contact^ 
but the enero^y required to convert this difference 
of potential iuto current is supplied by tlie work 
done by gravity on the falling filings. 

On June loth^ lH7t)j Messrs, Hugo Miiller* and Warren De La 
Rue communicated to the R*>3*al Society an account of an 
apparatus where the energy reqtiired to enable the electrification 
of contact to produce a current was obtainctl by a piece ot 
mechanism which " brings together and separates two discs, one 
of copper and one of zino^ each six inches diameter^ 4(J0 times 
in a minutCj and after each sepanition makes the ^inc plate 
touch a spring attached to an insulated conductor ; and, more- 
over, by means of cams, makes earth connection with either disc, 
or with both, previous to their being brought again into contact/^ 

They found that when the apparatus was making 32 tJ breaks 
a minute, the tension of the electricity as compared to that of a 
chloride of silver cell was as 

m-m to I, 

that is, that when the machine was connected to the electro- 
meter, the deflection was nearly equal to that which would have 
been produced by 31 cells in series. 

A feeble curix^nt was obtained when the electricity was led to 
earth thruugh a reflecting galvanometer j it g»ve 35 divisions of 
the sealoj or about part of that producetl by |-inch hits of 
copper and zinc wire, held one in the right hand and one in the 
left between dry fmgem 

>fr, Joseph Thomson f states that he lias found that if cake$r 

• Proc. Biiy, l^re, rob iiv, p, 258. 
t lbiJ.» June 13, vgl xx^. p. 169, 
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be maJcj each of two insulating sabstunces, and tbe electrified 
needle of an electrometer be suspended over them along tbeir 
line of separation, it will be deflected; showing a difference of 
potential between them* 

He has found that, in the following cakes, the Bubstanee first 
mentioned becomes ( + ), the second ( — ), 

Glo^a A I id war^ 

Gla^ I, redttr 

Q\m^ sulphur, 
GtflSB „ solid paraffin. 

Zinc t» aiilpbiir. 

Sulphur „ ebonite. 

He observes ; — 
" The series so far, being in the same o»tler as the frictional 
seriesj seems to sng^gesfc that the electrical ilispla cement which 
takes place when two non-conductors are put in contact, acts as 
a preili&posing causej in virtue of which the work done in rubbing 
them together is converted into electrical separation." 

Numerous otber experiments have been niadej hut without 
decided resulU up to 1S76. 

Experiments of Atrtuh and Perry, — Plate XLYIII, 
At the meeting of the British Association in 1H70, Professors 
Ayrton and Perry communicated a preliminary notice of a series 
of experiments they had made to determine whether in a 
gaJvanie cell — for example, a Datiieirs, Grove's, kc, — the electro- 
motive force of the cell was, or was not, equal to the algebraical 
Bura of all tbe differences of potential, each being measured 
Beparately, at the various contacts of dissimilar substances in 
the eelL A further account of the investigation ap|>eareU 
subsequently in Parts L and IL of the ** Contact Theory of 
Voltaic Action/^* and the experiments were fully described, by 
which the following law w^as proved ; — 

''The electro- motive force ofcontact of two metals or tw^o elec- 
trolytes, or of a metal and an electrolyte, is in each case a constant 
for the same temperature and in the same gas ; that is to say_, if 
AB means the eleetro-motive force of contact of the metal or elec- 
trolyte A, and the metal or electrolyte B (measured when A and B 
are not in contact w^ith other conducting substances), AB being 
identical with— BA; then the total electro-motive force of any 
• Proc. Boy. Soc, vol. xivii., 187S, p. 196. 
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loosed heterogeneous circuit composed of tbe substances A, C, N 
is \ 

AB + BC + Ac. MN + NA." 

The J go on to say ;^ — "The praof of this law wa§ very im- 
portant, as it was generally thoug^ht not to hold true/' 

" For exanip!*}^ Professor JenkiU| in the edition of his 
'Electricity and Magnetism' of 187S, saiJj on page 44: — 
'The following series of phenomena oceur lyben metals and 
an electrolyte are placed in contact; — L When a single metil 
is placed in contact with an electrolyte, a definite difference 
of jiotentials is produced between the liquid and the metal. 
If zinc he plunged in water, the zinc becomes negative^ tli^ 
water positive. Copper plunged in water also becomes negative, 
hut much less so than zinc. 2, If two metals he plunged in 
water (as copper and zinc), thti copjter, the zinc, and the w^ater 
forming a galvanic cell, all remain at one potential, and no charge 
of electricity is observed on any part of the system/^ 

If all the substances A, B, C, &e., N are mctals| then 
AB + BC + ,&L. -f = AN; 
but if one or more of them be electrolytes, solid or liquid, then 
Prof, Ayrton and Perry*s experiments show that the difference 
of potential between A and N when joined by C, &e,j is equal to 

AB + BC -f <S^e. + MN; 
but we cannot from this sum predict the value of AN, the dif- 
ference of potentials between A and N when joined dlrecthi^ 
since the difference of potentials depends ott the paik iaieti in 
going from one body to another when electrolytes are in question. 

In Messrs. Ayrton and Perry *s experiments an Indnciion method 
was used which got rid of all the difficulties caused by the cmiMCt of 
the enbstances under examination with the poles of the electrometer. 

The method of measurement was as follows : — Let 3 and 4 (fig, 
be two insulated gilt- bra as plates 
connected with the electrodes of a 
del i cate qua d ran t elect rom et^r. Let I 
under S and % under 4 be the surfaces 
whose contact difference of potential 
is to be mea&ured, 3 and 4 are first 
connected together and then insu- 
lated, but remain connected with ' \^ * 
their respective electrometer quad- TiR*m. 
rantSi Now, I and £ are made to change places with one anotherj 
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1 Ueiug now under 4 atid % under 3^ then the deflection of the 
ek'Ctrometer needle will give a measure of the difference of poten- 
tials between 1 and And it is shown theoretically that ''the 
diflerence of potentials d observed with the electrometer will he 
proportional to the difference of potentials a that we dedre to 
measure^ provided the inductitjii armnge mentis symmetrical in both 
positions, or provided that A, B, and D he each nought, where 
A and A -r ^ are the differences of potential of 1 atid 2, B the 
common potential of 3 and 4 before reversal^ and D and D + d 
their respective potentials after reversal. Perfect symmetry in 
the apparatus bein|^' impossible^ the latter condition was always 
experimentally fulfilled," 

The actual apparatus nsed in IS 70 somewhat improved for 
the subsequent investigation j and described by the authors in 
their paper No. II L of 1879 ♦ is shown in Plate XLYIIL 

The substances of which the contact difference of potential are 
to be measured are carried on a table, AB, 

In Plate XLVIII* a liquid, and a solid plate, P, of ahont 530 
sq, centims, area are shown in position. The table AB is levelled 
bj three screws, 11^ and carried on three brass wheels, Wj which 
run on a circular very rigid metallic railway, K. To avoid 
lateral motion the table is kept centred by a stout iron pin M, 
turning in a brass socket S. 

In order to rotate the lower substances, 1 and it is necessary, 
if one or both of them be a liquid^ first to increase the distance 
between 1^ 2 and 3, 4 in order that 3 and 4 may not strike against 
the sides of the vessel carrying the liquid. 

This w^as done by raising and lowering the upper plates, 3, 4, by 
means of the parallel ruler motion" shown in Plate XLVIII. 

The upper framework is lifted by the rod rr, which has a cross- 
piece /jje?, which can either be lowered through the slot jri, or by 
turning tlie rod r r caused to rest across it* 

The upper plates are supported by clean glass rods G, whieJi 
are kept drj' by sulpluiric acid in the lead cups IJ, 

The whole apparatus, including the short circuit key and elec- 
trometerj was, to avoid induction from outside, enclosed in a larger 
zinc case connected with the earthy and was not opened at all 
during one complete experiment, consisting of some ten short 
eircui tings of the upper plates, reversals of the table A B, and cor- 
responding readings to the right and left of the electrometer need I 
• PhiL TraDf*,, 1880, p. 10, 
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The following is a complete operation to obtain tlie contact 
differeiice of pot«ntia1S| between u metal and liquid, for example. 
Suppose tbe permanent at! just men ts to have ba?n made, and the 
gilt plat*^ 3 and 4 are quite bright, Tbe plate P is eleaned with 
etnerj paf»er that hae touched no oiher mttal^ and all traces of tlie 
emery removed by means of aclenn dry eloth ; it is then placed on 
the three levelling screws and fixetl in position by bole, slot, and 
plane * The porcelaiu dish containing the liquid is laid in a 
metal one just fitting it ^ and on the b;isc of which is a hole, slot, 
aad plane ; tliis is now laid on the other levelling^ sci*ews 

The rod rr is then lowered uutil the disk d d rests on a brass 
plata let into the top of tbe wooden framework at the top of the 
instrument — that is, until the induction plates 3 and 4 are in 
their lowest position. Tlie levellini^ screws //are now raised 
until a small metal ball, of a diameter of eight niillims,, is in 
contact at three fixed points with the plate 4 and the plate P, or 
until| when in contact with the plate 3, it and it^ reflection in tbe 
liquid L appear to meet. To avoid any barm arising from 
possible contact of the liquid with this gauf*e ball, it was made of a 
material not acted on by the particular liquid uniler exp*;riment. 

Before proceedini^ further, each pair of qnadmnts is in succes- 
sion put to eartb, the other pair remaining insulated in order to 
test for any possible leaka^ from the needles to tbe quadrants. 
Esieh pair of quadrants is now charged with a battery, the other 
pair belli connected with tbe earth, in ortler to test for any 
leakage along the glass rods G, tbe small glass rods supporting 
tbe quadrants in tbe electrometer^ or along the piraffined ebonite 
pillars of tbe short circuiting key. It having thus been ascer- 
tained that there is no leakage^ the strip of metal which has been 
cut from the same sheet of metal as P itself^ and temporarily 
attached to it by a binding screw soldered to P, is matle quite 
bright with emery paper and a cloth, and it« end is dipped into 
the Uqnid L, as shown in Plate XLVin., fig, 4. The mine case 
is then closed up, plates 3 and 4 connected together, and with 
the earth, by means of a key (the handle of which was a lon^ 

• "Holf, slot, and pkue," Thia is an arrangement indented by Sir 
Wm* Thotnfoti to allnw anj appanitu« iupport^d on thre« i^^i to be rtzno?ed 
from 11 table and repUiced in the «am© p<isition. Let 1, 3, 3 be tbe 

fett ; 1 in placed in a Km all hi}le made m the table ; !f in a abort Wi>^ wbosc) 
diretrtioa if priHlui^'ed would pass tlirougU tb« hale j Z reatit on the plitm^ 
im&ea of the table. 
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tbin ebonite rod projecting throug;b tbe smc ease), and tbe 
electrometer reading taken. 8 and 4 are tben insulated from 
one anotber, and from the earth, and raised by means of the rod r r 
projecting above tb rough the zinc case ; the table A B is turned 
from below by meuEs of a handle passing tb rough the base of the 
instrument; 3 and 4 are then lowered into exactly their former 
position, this being ensured by the parallel motion of the sup- 
porting beam and by the limiting stop, dd. The reading of the 
electrometer is now taken. Then the proeef^ses of *' short circuit, 
insulate^ raise, reverse, and lower^ and take a new electrometer 
reading, &c./^ are repeated. 

Some ten readings having thus been obtained, a fresh set of 
experiments is always made with tbe same two substances in the 
following way in order to compensate for the error introduced by 
defects in pamtlelism of the apparatus affeeting the result obtained 
from two rigid surfaces (as those of copper and zrnc), differently 
from the result found with one or with two liquid surfaces under 
examination. Instead of commencing, as before, with the liquid 
L under 3 and the plate P under 4^ the expenmenters start with 
the plate under S and the liquid under 4, and readjust, by means 
of the levelling screws ^, the heights of the surfaces, until their 
distance from the plates 3 and 4 is, as before, 8 millims. They 
then short circuit, insulate, raise, reverse, and lower, and take 
exactly as many readings as before ; and the mean of tbe two 
sets of readings, obtained with the two modes of levelHng, is 
regarded as the result of the particular experiment* 

*'To test the accuracy of tbe statement, quoted on page 169 
from Professfvr Jenkin's 'Electricity,' that when copper and 
zinc are both plunged into water they are all at the same 
potential, the following sets of experiments were made. The 
plates 1 and Si (Gg, 2^^^) were respectively zinc and copper, and 
they were connected together by means of a liquid iu a small 
beaker having no direct inductive action on the plates S and 4, 
First, however, the apparatus was calihrated thus; — 

" Tabt.e VI I L— 13th April, 187G. Plates 10 mm. apart 
Latimer Clark s Standard Cell. 
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892^0 




054-5 
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040 




891*8 
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Mean . . . 63*4 
Assumed to be 1*457 volts. 
Direct reading is 355 

Therefore ratio is 

63-4 or 5-6. 

Experiments : — 

" Zinc and copper connected by distilled water at 1 7° C. Zinc is 





negative to copper. 




2«ero. 


Readin^c. Deflection. 


053 


960-2 


72 


952 


9470 


5-0 


952 


9600 


80 


952 


946-5 


5-5 


951-9 


9610 


91 


952 


945-0 


7-0 


952 


9610 


90 


9529 


946-2 


6-7 




An interval of 15 minutes. 




953 


9610 


80 


952-8 


9451 


7.7 


Mean . . 7*32 or 0*168 volU. 





Zinc and copper metallically connected. Zinc positive to copper. 



Zero. 


BeadinpT. 


Deflection. 


953-0 


926.0 


27-0 


952-7 


990-0 


37-3 


951-0 


920-3 


30-7 


950-1 


985- 1 


35-0 


950-0 


919-5 


30-5 


950-2 


984-6 


34-4 


951-0 


9180 


33-0 


951-1 


985-2 


341 



Mean . . 32 7 or 751 volte. 



Zinc and copper connected by saturated pure zinc sulphate at 
17° C. Zinc negative to copper. 



Zero. 


Beading. 


Deflection. 


952-0 


961-5 


9-5 


951-9 


9442 


7-7 


951-8 


960-0 


8-2 


951-9 


943-1 


8-8 


9520 


960-0 


8-0 


952-1 


944-6 


7-6 


35 
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Interval of 10 miiuittis. 




9531 






y53'2 




S2 


0531 


961-3 


8 L 




945-2 


8 1 


9537 


96ln) 


7-3 


9539 


945 2 


87 



M^an of first bIx , . 8'3 or fia9l voU«, 
Mean of (ast bii . . 7 9 or 0182 volt*. 



** From these experiments it followed that the ahove stalemeot 
made in text-Woks, and which was based on certain exj>erimciitB 
of Sir William ThomsoUj is only approximately correct.'* 

From Professor Aj rton and Perry *s experiments, and from those 
previously made by Sir William Thomson^ they were led to con- 
clude " that, when zinc and copper are immersed in water, there 
are three successive states to be noticed* At the instant of 
immersion the zinc and eop|>er may possibly be reduced to the 
same potential, so that the electro -motive force of the voltaic 
cellE ie equal to the difference of potential ZC between zinc tin d 
copper in contact ; the zinc now becomes negative to the copper, 
BO that E reaches a limit which is greater than ZC ; liistly, if a 
current be allowed to pass by metallically connecting the SEinc 
and copper, polarization occtirs and the zinc becomes gradu- 
ally le&s negative to the copper, E diminishing, therefore, from 
its maximum value. But when ii saturated soUilion of zinc 
gulpbute is employed instead of wuter, the tirst state, if it exists 
at all, exists for so short a time that practically zinc and copper 
in zinc sulphate arc never at the same pi>trntial. Thus when 
care is taken to keep the zinc and copiK^r in a water cell well 
insulated from one another, E is found to increase from a value 
very little greater than ZCj the electro-motive force of contact of 
zinc and copper, to a limit, but in a zinc sulphate cell no such 
great increase is observed/' 

Subsequently the difference of potentials of a number of single 
contacts of dissimilar substances were measured, as well iis the 
electro- motive forces of complete and incomplete cells huilt iip 
with the vtff^ mme ^pschmm of the materials immediately after 
the previous tests were made. The following are yome of the 
results obtained : — Let Oj and L represent the copiier, zinc, 
and liquid respeeiively of a simple cell let Li and be the 
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liquid in contact with the copper, and the liquid in contact with 
the zinc of a Daniell's cell ; let CL be the electro-motive force of 
contact of C and L, and let CL be identical with— LC. Then : — 
I. Daniell with pure saturated copper sulphate and nearly pure 
saturated zinc suphate. 

Observed RMF of oeT. 
messared directly. 



1068 to 1081, 
increasing slowly. 



om. 



1-010. 



1000. 



CL, + LiL, + L,Z + ZC 
= 0-028 — 0-033 + 0-358 + 0*760 = 1103 

II. Daniell with distilled water and pure satu- 
rated copper sulphate. 

CL, + L'L, + L.Z + ZC 
= 0-028 + 0-071 + 0126 f 750 = 0-976 

III. Daniell with very dilute zinc sulphate and 
slightly impure saturated copper sulphate. 

CL, + L,L, + L.Z + ZC 
= + 0-063 + 0-177 + 750 = 0.990 

IV. Simple cell, nearly pure saturated zinc 
sulphate. 

CL + LZ + ZC 
= — 0113 -h 0-358 + 750 = 995 

V. Simple cell, distilled water. 

CL 4- LZ + ZC 
= 074 + 0-126 + 0-750 = 0-950 0*832 to 0*942 

increasing slowly. 

" In every case the sum of the separate contact electro-motive 
forces is so nearly equal to the observed maximum electro- 
motive force of the cell, that we have good reason for con- 
cluding that the electro-motive force of contact of any two 
substances measured inductively is constant for exactly the same 
specimens of the materials under exactly the same condition as re- 
gards temperature, the gaseous medium surrounding them, &c.,and 
is quite independent of any other substances that may be in the 
circuit.^' 

In the investigation made during 1877-78, and described in 
their third paper,* the authors have obtained the following 
results : — 

• Phil. Trans. Roj. See., 1880, p. 16. 
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Tiie authors point out that in all these experiments two air- 
eon tacts enter, and that up to the present tirne no direct experi- 
ment has enabled the ditference of potential at ^'^t^^ of these to 
be measured. They therefore sliow the importance of repeating 
theix qHanliiaiive experiments on the electro-motive force o{ 
eon tact in other gases besides air, and eHpeciallj in a very 
perfect vacuum ; and they meutiou that, although they made ihts 
working drawings of the apparatus necessary for this extended 
investigation at the beginning of 1877, it was not until now that 
they have been enabled to commence it. 

They further add " If the gas measurements sucli as we 
have indicated l»e extended to a good Craokes' vacuum, we may 
then possibly approximate to the real value of A the contact 
difiercnce of potentials of A with the value in fact that we 
should obtain by a measm^ement of the Peltier effect* 

Results. 

"The results which have been already obtained in this present 
investigation group themselves under three heads : — 

"1st . The contact difference of potentials of metals and liquids 
at the same temperature, 

" 2nd. The contact diderenee of potentials of metals and liquids 
when one of the substances is at a different temperature from the 
other in contjict with it ; for example, mercury at 20^ iu 
contact with mercury at 40° C. 

" 3id, Tlie contact diiference of potentiak of carbon and of 
platinum with watf*T, and with weak and strong sulphuric acid, 

*'But those contained under head No. 1. are alone contained in 
the present paper .'^ * 

* The niithon hopa to have the honour of sabmltting the remainder of 
thtir completed experiments on a subsequent occasion tu the Eojd Society. 
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CHAPTER XLIV- 

DiMEtrsiOHs OF Units,* 

As a familiar ilhistratioti of dimensions let us consider a linear, 
square, and cubic yard, 

A linear yard is said to be of one dimension in kngtlt. 

A square yard of two dimensions because it is a (yiwd)*. 

A cubic yard of three dimeusioiis beeauso it is a ()'ard}*. 

Thus J any leng'th is expressed by a immber multiplied by the 
unit of lenjjtb, and this unit of length is said to be of one 
dimension. 

The units of area and volume are said respectively to be of two 
and three dimensions^ This much is obvious. 

Derived Units — Vilocity. 

No%v lat us consider derived units; of these, velocity is the 
simplest. 

The velocity with which anything' moves, when moving uni* 
fnrmly, is the distance traversed divided by the time occupied bj 
the journey- Thus, a train which travelled J 40 miles in fou 

hours would have a velocity of ^ 35, wl»en the units of 

length and time were the mile and the hour. If, however, the 
units were the yard and hour, the same velocity would be ex- 
pressed by the number (35 x 1760), whereas, if the units were 
the mile and minute, the same velocity would be expressed by 
35 

the number . Thus the numerical number of the same velo- 
oU 

city is greater when the unit of length is small, and, further, it 
varies inversely as the unit of length. 

* On this suhjpct the fftutleut is reqQfstecl to read ** Unites and Physidtl 
CoastaotB,'' bj Dr. Erec^tt (Maomjllun)^ from vrhjcli iBoifU of thli chapter U 
taken* 
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But the magnitude of the uuit of velocity is inversely as the 
number of units which make a given velocity. Hence the unit 
of velocity varies directly as the unit of length. 

Again J with regard to the unit of time* 

The numerit-al value of a given velocity \% less when the unit 
of time is less, and it varies directly as the unit of time. 

But the magnitude of the unit of velocity is inversely as the 
number of such units which express a given velocity. 

Hence the unit of velocity varies inversely as the unit of time. 
Tliat \Sj the unit of velocity varies directly as the unit of length 
and inversely m the nnit of time. 

This is expressed by saying that velocity is of one dimension 
in length and minus one ( — I) in time,* 

Kepler's law of planetary motion discusses the area swept out 
io a given time by the straight line (called the radius vector) 
joining the sun and a moving planet. The area swept out in 
a unit of time myy be chilled the area -velocity of the radius 
vector 

By exactly similar reasoning to that on the last page we shall 
see that the uuit ot area velocity is directly as the unit of area and 
inversely as the unit of time. 

Hence its dimensions are one in area and minus one in time* 

But the unit of area is the unit of length squared, that is^ area 
is of two dimensions in length. 

Hence the unit of area- velocity is of two dimensions in length 
and minus one in time. 

Maxwell's Notation* 

It is customary to w^ite units in square bracket** 
Thus, a length L may be written 

where L is a number aud [L] the unit of length. 
On this plaUj then, we may write 

[Length] = [L] 
[Aren] = [L»] 
[Volume] = 

[Velocitj] = [l J soiuetime* written £^ J 
[Are* Vdocity] ^ [vt"'] ^^\^ 
• S«e Toahiioter* AIg*brA;'* Theory Indicrv, p. 147. Art 258. 
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UXIT OF Foticii. 

When a body is in uniforfii motiorii Newton's second law* tells 
us that force is required to change the motion, and that the 
change of motion is proportional to the impressed force. 

Change of motion means change of velocity, and this includes 
change of direction ; for to change the direction of motion of a 
body a velocity must he given to it in a direction inclined to its 
first direction* 

Suppose a hody to be moving northward with a given velocity, 
then, to cause it to move in a north-easterly direction with the 
same volocity^ we nmst add a velocity whose direction is between 
north-enst and south* 

Thus we have a natural method of meagurin^ forces when wc 
assert that a unit force is that which j acting on a body of unit 
masSj can produce a change of velocity equal to unity in a unit 
of time. 

For instance, the velocity of a fulling body continually in- 
creases because the force of |:;ravitation is accelerating it. The 
number of centime, per second by which the velocity increases is 
the measure of the force with which gravitation act3 on each 
l^ramme of the body. 

Now, if the unit of velocity is great, a greater fore« will be 
cf[uul to unity, os it will have to make a greater change of velo- 
city in a given time ; therefore the unit of force varies directly 
as the unit of velocity. 

If the tmit of time is great, the unit of force will be small, as 
a less force will be required to produce a given change in a long 
time than in a short one. Hence the unit of force is inversely as 
the unit of time, and directly as the unit of velocity. 

Again, if the unit of mass is great, the unit of force will be 
great, for more force is required to produce a given change of 
velocity in a given time on a great mass than on a small one ; 
hence the unit of force varies directly as the unit of mass. 

We have then — unit of force varies directly as units of velocity 
and mass, and inversely as unit of timei or if we %vrite 

m m [Mj 

for units respectively of force, velocity, and mass, we have 

^ litx II. — MaUtiunem nmtas proportionalem ees« ?i mot nel itapresiGD* 
ft fieri iecuadum Itne&tn reotam qua vi^ ilta inipHmlittr* 
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[F] = [m V t '] or ["T"]- 

But the unit of velocity also contains the unit of time once iu- 
versely, for 

[V] = lt\ 

Therefore, on substituting its value for [V], we shall have 
[F] = [m L T ' T = [m L T*] 

or 

m 

Ratio of Units. 

It is obvious that the dimensions of different units bear certain 
ratios to each other ; sometimes these ratios have an obvious 
physical meaning, sometimes not. For instance, t!ie ratio of 
volume to area is 

the meaning of which is clear enough. 
The ratio of force to velocity is 




which has no obvious meaning. 

The Two Sets of Electric Units. 

Now we know that there are two systems of measuring electric 
effects, the electro- static and the electro-magnetic. If we in 
each case set to work to derive the units by which the effects are 
to be measured from the fundamental units of time, length, and 
mass, we shall arrive at two different systems. 

We propose to do this, and, having compared the two systems, 
see what physical meaning we can give to their ratio. 

Electko-static Unit of Quantity. 

In the electro-static system the unit quantity of electricity is 
that quantity which, if collected at a point, will repel another equal 
quantity at a unit distance with a unit of force. In the C.6. S. 
system a unit of electricity is that quantity which would repel 
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an equal quantity at a distance of one ceutira, with a force of 
one dyne * 

The force between two quantities of elect rieityj each equal to 
^ at a distance / from one another^ would l>c 

The unit of electrical force may then he written 

[?]■ 

But in order that this may agree with the mechanical tinit^ 
where unit of force is 

we must have 

m = m 

or 

which gives us for the dimensions of unit electrical quantity in 
the electro 'Static system, 

[Q]=[y^] = [M*LiT-']. 

Electuo-statio Unit of Cubebnt* 

The numerical value of a current in electro-static units is on 
the C.G. S. system defined to be the quantity of electricity which 
passes in a unit of time. Hence the dimensions of a current ar&j 
in electro-static nieasure, 

B]=[MHiTl 

Elkcteo-wagnitic Unit of Cueiiekt. 

On the elect ro-ma^etic system j a current flowing along a 
circular arc is measured by the "intensity of magnetie field" 
which it produces at the centre of the are. 

^ A dyne ia thut forre wlncL, ai^Lmg on a unil of maesp would change tin 
velQcity 1 centirn. per iJCCf^iid itt one second* Gravily ^ ahout 9&1 dym-a 
per grutniius weight of ti ^rawiiie = 981 dynei; ibree of ^vity on a 
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Intensity of Magnetic Field. 

The intensity of magnetic field is equal to the strength of 
the current^ multiplied by length of arc, divided by square of 
radius. 

Therefore, if [I] be the unit of intensity of magnetic field, we 
shall have 



or 

[C] = [IL]. 

The unit magnetic pole is that which repels a similar unit 
pole at unit distance with a unit of force. In the C.6.S. 
system it is one which repels a similar pole distant 1 centim. 
with a force of 1 dyne. The force between two poles of strengths 
Pj and P, is equal to their product divided by the square of 
their distance from one another. 

Hence we have for the equation of units 

[E] = C¥] 

or 

[P]=[m*l't1 

The intensity of a magnetic field is the force which a unit 
pol^ will experience when placed within it. Denoting this 
intensity by I, the force on any pole will be I P. 

Hence 

Dividing both sides of the equation by [P] we have 




T 



= [M*T'L-i] = [M»L-4T']. 



Current. 

Betuming to our current equation 
[C] = [l L] 

we have 

[C] = [m* L L-* T = [m* L* T 
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Electro-magnetic Unit op Quantity. 

Now in the electro-magnetic system the quantity of electricity 
conveyed by a current is equal to the strength of the current 
multiplied by the time which it lasts. 

The unit of electrical quantity on the electro-magnetic system 
then is 

[Q] = [C T] = [m* l* t] = [m* l*]. 
Ratio of Two Units of Quantity. 

Postponing for a while the discussion of the dimensions of 
other electrical quantities, we will consider the ratio of the two 
units of electrical quantity. 

We have 

Dimensions of electrical quantity 
On the electro-static system 

[m*i;t']. 

On the electro- magnetic system 
Ratio of 

Dim, in E. S. r n TL"! 

Dim. iu K M. " L ^ J LtJ' 

Thus the ratio of the dimensions of the two units of quantity 
is a velocift/. 

It will be shown in the next chapter,* that this velocity has a 
real existence, and the physical meaning of it will there be 
explained. 

We will now briefly give the dimensions of other electrical 
quantities. 

Electro-static Unit op Potential. 

The dimensions of work are force multiplied by distance 
through which it acts 
Hence 

[W] = [m l t"' l] = [m l t ']. 

The work done in raising the potential of a quantity of elec- 
tricity Q through a difference of potential V is 



♦ Vol. ii. pp. 192, 200. 
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Hence we have 

Electro- STATIC Unit op Capacity. 

The capacity of a eoDductor is the quotient of the quantity 
of electricity with which it is charged by the potential which 
this charge produces in it. 

Hence we have 

c-^w = [?]-[^)=™- 

Electko-static Unit op Resistance. 

The resistance of a conductor is equal to the time required for 
the passage of unit quantity of electricity through it when unit 
diflTerence of potential is maintained at its ends. 

It therefore varies directly as the time, also directly as the 
difference of potential ; for if we increase the diflference of poten- 
tial, we must increase the resistance if we wish to keep the time 
the same. 

It varies inversely as the quantity, for if a greater quantity 
is to pass in a given time, the resistance must be less. 
Hence 

™=[¥]=(^)=[^'^]' 

or 

viz. reciprocal of a velocity. 

Electbo-magnetic Units op Electro-motive Force and 
Potential. 

The work done in urging a quantity q of electricity through 
a circuit by an electro- motive force E is E ^. And the work 
done in urging a quantity q through a conductor by means of a 
difference of potential E is also E q. Hence the dimensions of 
electro-motive force and also the dimensions of potential are 

[E] = flL0:1=[MiL5T-]. 



♦ Coinpar*; vdI. i. p. 67. 
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Electeo-magnetio Unit of Capacity. 

Capacity is the quotient of quantity of electricity by potential. 
Its dimensions therefore are 



Electro-magnetic Unit of Resistance. 
Resistance equals 



E 
C 



therefore 



[lt-]- 



That is, as we saw in discussing the B A unit in vol. i., page 
280, electro- magnetic resistance is a velocity. 

Summary. 

The following table summarizes the results we have. just 
obtained : — 





DimcTis. in E. 8. 


Dimeni. in E. M. 


Dim.inE. 8. 
Dim.inE.M. 


Quantity . 




M*L* 


lt' 


Current . 


JL » -a 

M* L' T 




lt' 


Cipacit}' . 


L 


L ' 


l't' 


Potential and Electro- 
motive Force 






l't 


Beslstance 


l't 




l't' 



Ratio of the Two Sets of Electric Units. 

The following explanation of the ratios between the two sets 
of electric units is due to Professor Everett :* — 



• '* Units and Physical Constanta," p. 132. 
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We know that in the C.G.3. Kji* ) X«t xm coTititder some other general 



The tknit of length » 1 c^ntiin. 
The unit of mass = 1 gram me. 
The unit of time = I sis^ond. 



tjatem in which 
The unit of li?ngth = L o^ntimft. 
The unit of masi = M ^rammei* 
The unit of tioi© = T second*. 



Tlien the new electro-static unit of quantity will equal 
M* T ' C,G,S, el^^static umiU of quantity. 
And the new electro-magiietic uoit of quantity will equal 
C.G.S, eteetro-uiagnetic nnita of quanlitj. 

Now it is pogsible bo to select L and T that the new elaetro- 
gtatic unit of quantity is eijual to the new electro -niagnetic unit* 

In order to determine what the values of L and T must be to 
satisfy tins condition, we have^ substituting tbe values of the 
new ufiits in O.G.S* units» the equation 

C M* l' T"^ C.G.S. electi^-fitatic ] _ f CG.S. eleetro-magnetic 1 

^ unita of quantity. units of qunntity* 

Dividing out by we hove 

'I 

L T C.G,S. electuhatatio uniti of qoanlity 1 C.G.S, plectro-maprnetk 

unit of quantity. 

or tJie ratio of the C.G.S. electro-magnetic unit of quantity to 
the C*G»S, elect ro-static unit is 

We see that ^ is clearly the value in centima, per second of 

that velocity wliich would be denoted by unity in oar " new " 
system* This is a definite c&ncrefff vehcitf^ and it« numerical 
value will always be equal to the ratio of tbe electro- maf^netic to 
the electro -static unit of quantity, whatever units of lengthy ma^t^ 
and time are empiayed. 

It will be ob&erved that ike ratio the two units 0/ quantity 
is the inverse ratio of tkeir dimensions^ and the same can be proved 
in tije same way of the other four electrical elements* 

The last column of the table on page ISS shows that M does 
not enter into any of the ratios, and that L and T always enter 
with equal and opposite indices^that is ihsii a lit ke ratios depend 

mlg on tht velocity 
30 
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Thus if the concrete velocity ^ be a velocity of v centims. per 

second, there will be the following relations between the C.G.S. 
units. 

1 electro-magnetic unit of quantity s= v electro-Btatic unita. 
1 „ „ current = r „ „ 

1 „ „ capacity = „ „ 

V electro-magnetic units of potential = 1 electro-statio nnit^ 
,f „ resistance = 1 „ „ 



CHAPTER XLV, 



nPBRniBlfTAL COMPARTflOK OF Et.KCTBO-STATlO AHD EtECTEO- 
MAGNETTiG UNITS- 

Wh bave shown tliut electro-static and eleetro-mag'netic pheno- 
mena are measured by two diiferent sets of unitSjOr rather that two 
dktinct systems of units have g-rown up — one based on an electro- 
statie^ and the other on an electro- mag-netic unit of quantity ; 
but either may be used in the measurements of any phenomena. 
We have also seen that the relation of the electro-magnetic unit 
of qxiiintity to the electro- static is the relation of a length to a 
time — in other words^ it is a velocity. 

By a purely mathematical process of reasoning,* which it 
is impossible to put into a non-mathematical form, Professor 
Maxwell has shown that this velocity is the velocity with which 
electro-maj^netic disturbance is propagated through space— that 
is, if a sudden difference of magnetic potential be caused at any 
point, the disturbance due to it will be felt at any other point 
atter an interval which, on beiiiir compared with the distance 
between the points, &hows the disturbance to have been propa- 
gated with this velocity. This velocity has never been measured 
directly, aS| even at a distance of lOO yards, the disturbance 
caused by any change of potential which we can produce would 
be quite insensible, and the velocityj wdiich, as we shall presently 
tbowj 19 about the same as that of light, is so great that the 
time required for the disturbance to pass over a short interval is 
extremely small. It is, however, possible that, if necessary, 
some method of direct measurement might be devised j but the 
indirect method of comparison of units is as certainly a measure 
of the velocity of the disturbance, and is capable of far greater 
accuracy than is ever likely to be obtained by the direct method. 

• Clerk Mia well, Eiectricitf/' Aiiklm ?83-7S6, vd. ii., pp. 384—387. 
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The Hatio is a Velocity. 

The foHowing physical proof that the ratio of the imiis is a 
velocity is given by Professor Maxwell : — 

Let there he two parallel currents^ — the attraction experienced 
by a length a of one of them is — 

F ^ 2 ^, 

where C, C are the numerical values of the currents m electro- 
magnetic measurej and h is the distance between them. If we 
BO ehoo&c the length a that we are considering that ^ — ta we 
shall have — 

F = CC. 

Let us put n for the number of electro -static units ill one 
eleetro-magnetie unit, we have to show that fi is a velocity. 

The quantity of electricity transmitted by a current C in a 
time i is we know equal to C ^ in electro-magnetic measure, and 
therefore to n^t in electro-static measure, because n is the 
number of electro-static units in one eleetro-magnetie unit 

We know that the repulsion between two statically- charged 
bodies at a distance apart f and having charges q and ^' is 

Let two small conductors be charged with quantities ^ if equal 
to the quantities transmitted in time / by the currents CC re- 
spectively, then their charges in electro-static meaiure will be^ — 

and the electro -static repulssion F' between them will be— 

F ^ — . 

Let the distance r be varied until this repolston equals the 
electro- magnetic attraction F, we have F=F' or 

Dividing out by CC we have 




or 

• Vol L 19- 
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tliat is 

mi ^ r 

or 

I 

— tbat is tt, the numl>er ot electro -static units in one electro- 
magtietic uoit, equals aleii^th (r) divided by a time (/) — tbat is, 
equah m velocity . 

The absolute magnitude of this velocity ia tbe same whatever 
uuita we adopt 

THEOat OF THB ExPERlMEJfTS. 

We now come to the experimental methods of determining the 
ratio of the units. 

The general principle of them all is to measure the same thing 
both electro-statically and elect ro-mag-netieally. Difierent niim* 
bers ave obtained in the two cases. But when the same thing is 
measured by two dilferent sets of units, the ratio of tbe numbers 
obtained in the two cases is the inverse ratio of the nnits used. 

For instance, suppose we did not know the ratio of a foot to a 
yard, but were able to measure any distance both in feet and in 
yards. 

To determine the ratio of the units we should take an arbitrary 
distance and measure it— first using the yard for tbe unit and 
then the foot. 

Suppose we found tbat tbe number obtained in the Rrst case 
was 60, and in the second ISO, we then have, ratio of number 
obtained with yard unit to number obtained with foot unit equals 
60 to 180, or 1 to 3. Therefore the ratio of the yard to the foot 
is tbe inverse of this ratio, or 3 to L 

Similarly, in the electrical case, we measure the same quantity 
of electricity first in electro static units and then in electro- 
mag-netic units* 

The ratio of the numbers obtained is the inverse ratio of the 
electro-static to the electro-magnetic unit of quantity. 

EXPBBJEETSTAL METHODS OF DeTEEMINIXO THE RaTIO BKTWEEH 

Electro STATIC and Electro-magketic UKrrs. 

Tbe first numerical determination of this velocity was made by 
Weber and Kohlrauseh.* 

• Pagg. xci3i.p AuguBt 10, 1856, tnd Maxwelt, 771^ voh ii- p, 370. 
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The following account of these experiments is given Ly Pro- 
fessor MuxvFell : — 

Tlieir mt'tbod was founded on the measurement of the same 
quantity of electricity— first in electro- static and then in electro- 
mag^netie measure. 

"The quantity of electricity measured was the €harg:e of a 
Leyden jar. It was measured in electro-static measure by the 
product of the capacity of the jar into the ditference of potential 
of its coatings. 

" The capacity of a sphere is expressed in electro-static measure 
by its radius. Thus the capacity of the jar may be found and 
expressed as a certain lengtli.* 

The difference of the potentials of the coating's of the Jar was 
measured by connecting the coatings with the electrodes of an 
electrometer whose constants had been carefully determined, so 
that the difference of the potentials was known in electro -static 
measure. By multiplying tbia by the capacity of the jar the 
charge of the jar was expressed in electro-static measure/' 

To determine the value of the charge in electro-magnetic 
measure the jar was discharged through the coil of a galvano- 
meter* The total current could then be calculated from the limit 
of the first swing of the needle. 

This comparison gave for the ratio of the nnits^ which ii 
commonly called t% 

= 3*1074 X 10"* eentiniB, per second. 

Professor Maxwell has pointed out that the phenomenon known 
as Electric Absorption/' wbichj at the date of these experi- 
ments, w^as not well understood| makes it almost impossible to 
estimate correctly the charge of ajar unless the experiments are 
performed instantaneously^ He shows that the effect of neglect- 
ing absorption would be to make the value oft? deduced by this 
method too high. 

SiE Wm. Thomson's Comparisoh, — Plate XLIX. 

Sir Wra. Thomson has determined the ratio of the units, by 
measuring the same electro- motive force in both sets of units. 

Electro-motive force is measured in electro-static units directly 
by means of an electm meter. 

• See vol. ii, p. 187. 
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Bjr Olrm's law we know tliat 

E — Cn 

and C and r can be measurod in electro mag^netic measure. 

For suppose that E equals A electro-static units, and that thfi 
current C ^vhich it can prc*diiee throfigh a wtistance r is sach 
that Cr = B elect ro-magnetic units \ theu^ if we measure A and 
B, we shall have 

5 ff, the ratio required » 
A 

for 1 elect i-o-statie unit of potential equals n electro- magnetic 
nntts^ 

In Sir Wm. Thomson's experiments the difference of potential 
was measured (statically) by electro mete rsj and the currentj 
through a known resistance, Uj the deHection of the suspended 
coil of an electro-dynamometer,* 

Plate XLIX, shows the arrange men ts.f 

But little explanation is required. The dynamometer has been 
already described, as have the various electrometers- The chief 
circuit is that of the resistance coils, battery, and dynamometer, 
with branches to the absolute electrometer. The gauge, Leyden 
battery, and replenisher, are the usual appendages of the 
electrometer. 

The quadrant electrometer was used solely as a convenient 
method of determining the resistance of the dynamometer coils 
while the experiments were going on ; and thus eliminating 
changes of resistance due to changes of temperature produced by 
the current. It was used by connecting its terminals alternately 
at each si tie of the resistance coil, whose resistance was known, 
and of the dynamometer coils. 

We can deduce, from vol, i,, p, SOfi, that in any circuit the 
resistance between any two points is simply proportional to the 
difference of potential at tho!*e points. Hence the resistance of 
the dynamometer is to that of the coils as the difference of the 
potentiak on each side of it to the corresponding difference at 
each side of the resistance coils. 

The battery used was sixty sawdust Danieirs in series. 

The value of the ratio given by Sir William Thomson in 1869, 
as determined by this metluxl, is as follows : — " Eleven sets of 

• Vol ii. p, 3. 

t Reports on Electrical StAndmrds," p. 1S6. 
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experimente made at various dates from March lOtU to May 8th, 
18f>8, have indicated values for the ratio which is called t?, of 
which the greatest was x lU^ the smallest ^754 x 10" 
and the mean ^"825 x 10"' centimetres fjer second." 

Sir William Thomson^ at the end of his paper^ expressed his 
intention of carrying his experiments to a much greater degrt?e 
of accuracy, 

McKicaAN^s Experiments. 

This intention was carried out by Mr, Dugald McKichan, 
who, working in Sir WilHam Thomson's laboratory, made; in 
IS 7 0-7 2j a series of measurements of which the results were 
eommunicated to the Royal Society on April 15, 1S73, and will 
be found in the Ph i I oso pineal Transactions for that year * 

The experiments only differed in detail from those already 
described. 

The final series of Talues of v determined on February El, 187a, 
were as fallows : — 

2 y34 X ll>' 
2935 
2 931 „ 
2923 „ 
2935 „ 
2'935 „ 

Tlie mean value adopteil by Mr. McKiehan is 
2 93 X W 

Clerk Maxwell^s Direct CowPARisofr. 

Professor Clerk Maxwell has compared the two units of 
^ectro-motive force by balancing tho attraction betweea two 
oppositely-charged discs against the repulsion between two cur- 
rents carried in two flat spirals of known rcsistunce, the ratio 
between the electro- motive forces used in charging the discs and 
in sending the currents throtinph the spirals being known^and the 
electro- motive forces being measured electro-statically* 

Plate L* shows the arrangements. 

• Pbil, Trunin p. 409. The matliemiitiottl theory of tho ezpenmeati 
i« very fully givtn in thie jiaper. 
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ExFi^ATiOF or Plati L. 
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C 


Electrode of fiifd diso, 


A 


Coatiterpob« ^ 




Curren through E. 


e 






I* 


G,. 




Great Battery. 


3-— y 


*i ti 


& 


B, 


Smiill Battery. 




1* •■ 


tbe 3 coH« 




Pntnary coU of Oalvano meter. 
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Q aad S 10 ft. from Electric bukncc. 



One disc and ^tral were fixed, and the others were attached 
to**ether to the same end of the arm of a torsion balance. 

To the other end of the arm was fixed an exaetly similar coil, 
through which the same currimt travtilled in the opposite direc- 
tion to that in which it passed through the first suspended coil. 
The effeet of the extra coil was to neutmlizc the nction of terres- 
trial magnetism on tlie arm of the torsion halance. The small 
aitspetided disc was surrounded by a giiard-ring^ similar to that 
osed by Sir William Thomson in his absolute electrometers. 
This insured that tlie electrical action on the small disc should 
be equal to that due to a unilorm distribution over its front 
suHkee. The suspended disc was four inches diameterj and was 
kept at the same potential as the case of the instrument* 

The fixed disc was 6 inches diameter, and could be moved nearer 
to, or farther from, the guard-rin^ by meiftis of a micrometer screw. 
|t was insulated and maintained at a high potential during the 
periments, AVhen the suspended disc was in its position of 
equilibrium, its plane corresponded with that of the guard-ring. 

The coils were fixed at the backs of the fixed and suspended 
discs respectively ; special means were taken to insulate the one 
placed in contact with the disc which was intended to be charged 
to a high potential* 

The electro-static charge was given by connecting the discs to 
the terminals of a great battery of ^600 cells charged with corro- 
sire sublimate* The difference of potentiol at its ends was mea* 
sured by observiugp by means of a galvanometer, the current 
whiuh it could send through a known very large resistance. 
The currents through the coils were produced by a smaller bat- 
tery, and measured in the ordinary way by a galvanometer. 



Ei€ciro*Kmeizcs* 



Thus we have two elect ro-motive forces whose ratio is known 
— one aetitig electro-statically, the other elect ro-m ague tically. 
Their strength being adjusted imtil the attraction of tho discs 
equals the repulsion of the coils — that is, until the suspended 
arm of the torsion balance is in equilibrium i and proper correc* 
tions having beerj made for the different distances apart of the 
discs and the coils, we have at once all the elements for a com- 
parison of the electro-static and electro- magnetic action of the 
same battery. That is, the results of Professor MaxwelFs ex- 
periments give a direct value of the relation between electro- 
static and electro- magnetic units of electro-motive force* 

The following are a series of values of u given by Professor 
Maxwell I — 

2-8691 X 10" 
2-8430 ,^ 

28686 

28910 „ 

28850 „ 

2'B7m „ 
28795 

2-8735 „ 

28752 „ 

29474 „ 
Mean value of « 2 8798 x 10'^ 

Of 

288p000,000 metnM per ntcond, 

or 

170,000 Hiatute jnHen per s^nd. 

The ^'prohable error" is about one-sixth per cent. 

Ayutok and Pekry^s Dktkbhinatiok,* 

At the Buhlin meeting of the British Association in 1878 
Professor E* Ayrton gave an account of a determination of t\ 
which bad been recently made in Japan by Professor Perry and 
himself. 

The plan adopted by them was to measure the capacity of an 
air<*ondenser, each plate of which was 13^3*14 sqnare centimetres 
in areaj both electro -statically and electro- magnetically, 

• Report, Brit. Assoc., DuUtn, 1878, p. 487 ; or Phil. Mag,, 1879, I p. 277* 
nnd Jour. §0Ci Teh Efigmt^erii, May, 1876. 
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Tlie electro-static capacity was asceriaiued by linear measure- 
ment of the condensei% while the electro- niagot^ tic capacity was 
determined by noting the first swing on dischar<^in;L^ the con* 
denser throu*^h a ispecial form of Balhilc galvanometer devised 
hy them for the purpose with forty inagm^ts in two spherical 
masses so aa to have great sensibility and exceedingly little air- 
damping (sec vol, i. pajijG !^40).* 

The source of electricity was new Daniell's cells. To 
determine the relation of battery and galvanometer eongtante^ a 
known fraction of the current was sent through the galvanometer 
directly, by which meansj from the limit of the swing obtained 
00 discharging the condenser throngh the galvanometer, its capa* 
city in electro-magnetic measure could be determined indepen- 
dently of the absolute strength of the magntitic Held in the 
laboratory* 

The required velocity v was the inverse ratio of the square roota 
of the two determinations of capaeity,t and Messrs, Ayrton and 
Perry claim that their method has the advantage that the formula 
for reduction of the observations involves only the square root of a 
ri^sistanccj so that if any nnknown error existed in the resistance 
coils, only the square root of that error would be introduced into the 
result J VA'hcreas, in the methods previously described, the error in 
is directly proportional to that in the cuils ; and also that only om 
accurate electrical measuring instrument — a balistic galvanometer 
— is employed, whereas the other methods required two, such m 
an absolute electrometer combined with a galvanometer, &c. 

The foil owning results were obtained on three ditferent days : — 
ism • 

June 18 % X ICP 

June 23 2 905 x 10" 

Jttae25 , . . , . 2 x W 

(kf 06 diB^hnrges of the air t?ondenser . ^ ^HO x 1")** 

Hock iN^3 ExpKHt m knts. 
On August lH79j Mr< Charles Hock in read before the 
British Association a " Note on the Capacity of a certain Con- 
denser and on the Value of r " J 

The method used for the determination of v was identical with 
that of Messrs* Ayrton and Perry, 

♦ The periodic time of swing was eqaal to aWai 43 flcconils* 

^ For one «?te€tro>map^netie uait of fopaeity equak electro- static untia. 

I Report, Brit. Assoc., Sheffield, 1879, p. 285. 
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The result obtained was 

t? — 2-988 X 10^° ceiititna, per setsond. 

PuYsiCAL Nature op 

To obtain a physical conception of this velocity^ let us condder 
n fact wbicb was predicted from theory by Professor Maxwell/ 
and afterwards verified experimentally by Professor Rowland .+ 

ProfesBor Maxwt^ll predicted that if a Btatically-charged body 
could be moved with the velocity of an electric current, it would 
act in all respects as an electric current carrying the same quan- 
tity of electricity per second. 

Prom this it follows that if two similarly-charged bodies be 
placed near tog;ether, and moved rapidly along two parallel 
lineSj in the siime direction and with the same velocity, that 
at a certain velocity their elect ro-mag-ne tic attraction would 
exactly balance their electro- static repulsion^ and that there 
would be no force between them. 

But the electro-static force depends (for a g-iven distance) 
only on the number of electro-static units of quantity with which 
the bodies are charged. 

The electro-magnetic force depends on the number nf static 
units of quantity multiplied by the velocity of motion« 

Let us call 

Electro-statia force §T 
Electro* magnetic force M F 
Velocity of Motioa T 

We have 

8T = QQ' . , . < (1) 
= QCy Y . , , (2) 
But when S F is equal to M the nitio of the numbera express- 
ing; the two quantities is inversely as the ratio of their units.f 
Hence 

HT^»sT , . (3) 

and we may write 

ffT = QQ' (1) 

and from (3) and (3) 

<jb¥=QQ'y (5) 

Dividing (5) by {1} we have 

• " EJwtrkity/' 769, vol. ii, p. 369. 
t See neit page. 

X Simiktly* if 10 yards e^ual 30 feet, tlte ratio of the numberi Is 1 to 3, 
aad therefore tliat of the units 3 to 1* 



Physical Nature of v — Rowland. ao i 



or the ratio of the units equals the velocity with which an elec- 
trified body must be moved to make it act us a current conveyiDg 
the same quantity of electricity per second. 

Rowland's ExpEniMjeirra, 

Professor Maxwell has point<*d out that, thoug'h it is of course 
impossible to move a charged body with the velocity of electrieity, 
yet that it might be possible to move it fust enough to get an 
appreciable magnetic effect. 

On June 15, 1875, Professor Helmholtz read before the Berlin 
Academy* an account of some experiments made by Professor 
Rowland on the magnetic effect of a statically-charged body in 
motion. 

In these experiments a gilt ebonite dtB<^, centims* in dia- 
meter^ was revolved sixty-one time^ per second near an astatic 
needle. The disc was electrified by connecting it to a charged 
Ley den jar The electro -static potential was determined by seeing 
what length of spark the charge would give, and comparing the 
result with Sir William Thomson's tables of the "electro-motive 
force required to produce a spark/'f 

The magnetic effect was determined by observing the deflec^ 
tion of the needles by means of a mirror and scale in the ordinary 
manner. 

Having observed the magnetic effectj Professor Rowland 
ealculates what it would have been if v had had the values given 
by Weber and Maxwell respectively, and he found that the 
observed number came Ijetween the two calculated numbers. 

Here Professor Bowland left his results, as they were not 
undertaken as a measurement of v, 31ut by a simple process of 
interpolation between the magnetic effects, calculated horn Max- 
welFs and Weber^s t? respectively, we can find what value of v 
would have given exactly the observed magnetic effect. The 
result of the calculation is 

m — 3'04i8 X 10^ centima. per eeoonii 
In my account of the above experiments I have omitted the 

• Berlin Monatsbericbti 1876, %\\ tranelated PhiL Mag., Septeniber, 
1876. p. 233. 
t Vol, ii. 64, 
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details of numerous corrections, &c., which were applied by Pro- 
fessor Bowland. 

Summary. 
We have for v the following values : — 



Experimenter. 




10 centiinB. per second. 


Weber aud Kohlraasch 


31074 

2825 

2-8798 


Ayrton and Perry .... 


2-93 
2-980 

2- 988 

3- 0448 


Mean of the four last . 


2-9867 



An examination of the details of the experiments shows that 
the four last sets are much more trustworthy than the earlier 
determinations, and I have therefore adopted, as the most pro- 
bable value of V, 

2-9857 X 10*® centims., or 186,521 miles per second. 



PAKT IV. 
ELECTRO-OPTICS. 



A PHYSICAL TREATISE 

ON* 

ELECTRICITY AND MAGNETISM. 



?art m. 

RELATIONS BETWEEN ELECTRICITY AND LIGHT 
OR, "ELECTRO-OPTICS/^ 



CHAPTER XLVI. 

MAGNETIC KOTATION OP POLARIZED LIGHT 
PRELIMINARY. 

Ordinary light consists of vibrations taking place always in 
planes at right angles to the direction of the ray, but in all direc- 
tions in those planes. That is, if the ray travels along the axle 
of a wheels the vibrations composing it are all in the platie of the 
wheels bat are executed along any or all of the spokes. 

The efiPect of reflecting light at certain angles from certain 
substances^ or of passing it through certain crystalline substances, 
is to cause all the vibrations to take place in the same direction — 
that is^ along one spoke of the wheel and the spoke opposite to it. 

The light is then said to be polarized. Now if the wheel, 
without being rotated, be slid along the axle, the spoke along 
which the vibrations take place will trace out a plane. 

When no rotative force is applied to the polarized light, the 

* The student who is ignorant of the elements of the theory of polarized 
light is recommended to read " The Polarization of Light," by Wm. Spottis- 
woode, Pres. R.S., &c Nature Series (MacmilUn). 
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vibmtious all take place in this plane^ and the lig-lit ii eaid to be 
^' plane-polarized/' 

If we twist the refleeior or erysUl, which we use as a polarizefp 
round the direction rif the ray as axis, we shall Bhirt this plane 
in the same way as if we cause the wheel to tiirti its axis 
and so shift the gpoke along which the vibrations take pince ; 
but, when the wheel is slid along the axis, this spoke will still 
trace out a plane, only that plane will not be the same es before* 
That is, if we turn the pol a fixings mirror or crystal, we turn the 
plane of polarization, but the light still remains plane-polarized. 

We cannot detect by the eye in what plane h^ht is polarized, 
or indeed whether or not it is polarized at alL In order to do so 
we have to t^ike ad%''antage of the following natural law 

Transparent bodies which have the power of polarizing light 
in any given plane are opaque to light already polarized in a 
plane at right angles to that plane ; and reflecting surfaces which 
have the power of polarizing light in a given plane will not 
reflect light which, when it falls on them, is already polarized in 
a plane at right angles to that plane* 

Thus, to determine in what plane light if* polarized, we have 
only to take a crystal which has the power of polarizing light in a 
certain plane fixed with regard to its axis, and to turn it round 
till the light is extinguished. 

We then know that the light is polarized in a plane at right 
anglefe to that plane in the crystal* 

Natukal Rotatiok, 

Certain natural substances, such as oil of turpentine, creosote, 
&c., possess the power of rotating the plane of polarization ; " tliat 
is, if a horizontal beam of light, polarized in a horizon t-al plane, 
be sent through a tube filled with one of these substances, its plane 
of polarization, on emergence, will do longer Ijo horizontal, but 
will be inclined on one side or the other of the horizontal, accord- 
ing to the nature of the substance* 

The amount of inclination for the same substance depends on 
the length of the substance travelled tlirough* 

Faeabav's Discovery ok MAflXETio Eotation* 

IWflday discovered that if a piece of a particular kind of glara 
known as *' heavy glass" is placed betw^een the pol^ of an 
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electro- magnet, and a ray of polarized liglit sent through it from 
pole to polej the plane of polarization is rotated. That is^ if the 
li^ht be supposed to gfo in, in a horizontal plane, it emerges^ still 
plane-pc4arized, in a plane inclined to the horizontal. The direc- 
tion of the iticliuation depends on the polarity of the maguet; if 
this be reversed, by reversing the current, the dtrection of the 
rotation is chang'od, Faraday afterwards found that many other 
snhstanees eoiild produce the same effect when magnetized. 

Thai far the magnetic phenomenon appears to he analogous to 
the plionomenon of rotation hy oil of turpentine, &c. There is, 
however, a very important difference between the two cases. 

DiFFsaBNCE arrwREN Magnetic akd Natural liorAtioN. 

If, instefid of permitting the light to emergCj we let it fall 
perpendicularly on a mirror placed at the end of the column of 
turpentine or glass^ an<l be reHected back, we shall find that, ta 
the cawe wkere the roiMihn h produced the maffnetle Jorce, 
tAe amount i>f rotation it doubled ; wkHe i» the ca^e tfihere the 
mtation U prod need 6// the nnhmd power q/' He et^Miance^ 
(h€ rointion is aMunlied ; and further, if by silveriug both ends of, 
the heavy glass, or of the tube containing the oil cf turpentine^ we 
cause the light to pass backward and forward any number of 
times (fig* 239), we shall find that, in the case of the magnetic 
rotation, the rotation iis equal to as many times the original 
rotation as the light passes through the substance j while in the 




case of the natural rotation, it \n zero or equal to the original 
rotation, according to whether the lii>ht passes? through the sub- 
stance an even or an odd number of times, 

A mechanical illustration may assist us to understand this. 
Let us, as before, represent the plane of [H>larizatioa by thediree* 
tion of the spoke of a wheel, and let us slide the wheel backward 
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and forward on the axis^ and cause it to rotate at the same time 
go that the spoke is alwAjs in the plane of polarization at the 
|>oint where the wheel is on the axis. The case of natural rota- 
tion will then be illustrated by considering the turning of the 
wheel to be produced by the guiding' action of a spiral or 
long screw thread cut on the axis» ThuS| m the wheel mores 
along^j the spoke traces out a twisted surface, while, when the 
wheel is slid back ag'ain, the &poke comes back along the same 
surface. 

The case of magnetic rotation, howeverj is illustrated by con 
eidering the wheel to he turned comHnihj in the mme direcihn b 
Bome ej-iernaljhree, such as the pulling of a string wound roun 
its circumference while the wheel is slid backward and forward. 
Let us suppose as before that the spoke always lies in the plane of 
polarization ; the twisted surface traced out by it will now be 
different, a^s, on the wheel beginning to slide bark along the aicis, 
the spoke will not return on its old path, but will trace out a new 
surface whose twist is equal and opposite to the twist of the firsfc 
surface. 

Faraday's Paper. 

Faraday communicated his discovery to the Royal Society on 
November 6, 1845, in a paper entitled, — 

On the Magnetization of Light and the Illumination of Mag* 
netic Lines of Force j i* Action of Magnets on Light; ii. Action 
of Electric Currents on Light ; iii. General Considerations/'* 

He commences his paper as follows : — 

• Phil. Trans., 1816. p. h " Eip. Hv*,;' rd. iiu p. h 
The following Ibotnote was appended by F*tni4lny to the titl« of fab 
pupor : — 

Tlie title tif tliU paper hofl, I t2tider«tftnd» led many to a miBapprehea*iott 
of its content*, and I therefore take the lib-ertj of api^ntling tbii explanatofr 
note :— -Neither accepting nor rejecting the hyptitheab of an ether, or tliii 
corpuscular, or any otb^?r view that umy be i'^ntt<rtained of the nnttinf o 
U^bt; and, as far ai* I can see, tiothini* bein^c really known of a ray of 
light more tlmn of ii line of tnji>;netic or eli»cti-ic forci^, or even of a llm 
of gravitittini^ forue, exct'pt as it and tbt^y art* manifest in and by niib- 
atances; I believe that in the ei peri men t« I dencribe in the paper, light 
ba£^ been inagneticully affected, i<e. that that which h magnetit! in the foroca 
of matter ha» been affect^, and in return has ailVcted lliat which la truly 
magnetio in the fierce of light: % the term magndic I iiidudc* here either 
of the peculiar exertions of the powfr of a maj^net, whetber it be that which 
ia manifest in the ittiguetlc or tbe diamagnetic daas of bodtea. The phran^. 
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'^Action of Maqnet?* on LtcsHT. 

" I liave loiij^ heM an opinion, almost amonntin^ to conviction, 
in common, I believe, with many other lovers of natural know- 
ledge^ that the various forms under which tlie forces of matter 
are made manifest have one common origin ; or, in otlier wordsj 
ar€ so directly related and mutually dependt?nt, thut they are 
convertible, as it were, one into another^ and possess L*qnivalents 
of power in their aetiou** In modern times, tin; proofs of their 
convertibility have been aceumnlnted to a very considerable ex- 
tcnt» and a commencement made of the determination of their 
equivalent threes. 

''This strong pereu&sioti extended to the powers of Hght^ and 
Ifid^ on a former occasion j to many exertioni, having for their 
object the discovery of the direct relation of light and electricity, 
and their mutual action in bodies subject jointly to their power; 
but the results were neg^ative and were afterwards confirmed in 
that respect by Wartmann* 

"These inetfe*jtual exertions, and mauy others which were 
never published^ could not remove my stron^j persuasion derived 
fn>m philosophical coniside rat ions ; and, therefore, I recently 
resumed the inquiry by experiment in a most strict and searching 
manner, and ha%'e at last succeeded in muf^ndizing and eleclrlf^mg 
a raf ttf/jg^i, and in Hlnrntnaiinff a magnetic Urn offince. These 
resultSj without entering into the detail of many nnprodnetive 
experiments, I will describe as briefly and cleariy^ as I can/* 

AUBAXOEHKKT OP THE EXPEaiME^rrS. 

*^ A ray of light issuing from an Argand lamp was- polarized 
in a horizonUil plane by reflection from a surface of glass, and 
the polarized ray paswcd through a Ni cot's eye -piece revolving 

* tllaniiiiAtion of the Hues of roflgnetio force/ has been undmlc?od to imply 
that I bad renitert'd them lumlnoui. Tlua not within my thought. £ 
inteoded to expretm that ihis line of mRgnetic force wnn illumlDnted at tlie 
Mrth ii ilkminattd by the fluti, or the t^pi<ler*ii web illuminalM by th«? 
■iitroAoiDei-'» lau'p. Empli^ying a ray of light, we can ttll % (he e^v th» 
direeiioa of the itm;<iietie linet Ihrou^'h a body; and, by the alteration of 
the ray &nd it« oplicul eifi?ct on Uie eye, can see the course of the line* junt 
i« we ean see the course of a Ibreud of k1^^^> other triinHpirent sub- 

stance rendered visible by the light : and this U whiit I nmrnit by illumina* 
tit/nt w the pui^r fully «j*iain». — December 15, 1845, M, F," 
• ** Exp, Kei,, " 57, 966, 376, 877, 961, 2071, 
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oo a horizontal axis, so as to be easily exam i tied by the latter. 
Between the polarizing mirror and the eye-piece two po%%'erral 
electro -magnetic poles were armng^ed, being either the poles of a 
horse-shoe magnet, or the contrary poles of two cylinder mag- 
nets ; they were separated from each other about two inches in 
the direction of the line of the ray, and so placed that, if on the 
same side of the polarized ray, it might pass near them; or, if 
on contrary sidcs^ it might go between them, its direction being 
always parallel, or nearly so, to the magnetic lines of force* 
After that, any transparent substance placed between the two 
poles would have, passing through it, both the pohirized ray and 
the magnetie Hues of farce at the same time and in the same 
direction, 

" A piece of heavy glass, about two inches square and 0^3 of 
an inch thick, having ilat and polished edges, was placed between 
the poles (not as magnetized by the electric current) so that 
the polari?.ed ray should pass through its length; the glass acted 
as air, water, or any other indifferent substance would do; and 
if the eye-piece were previously turned into such a positron that 
the polarized ray was extinguished, or rather the image produeej 
by it rendered invisible, then the introduction of this glass made 
no alteration in that respect. In this state of circnmetanecs the 
force of the electro-magnet was developed, by sending an electric 
current through its coils, and immediately ike image of the lamp 
Jlame became tmbie, and continued m ae hnff ax the arranf^ement 
continued magnetic. On stopping the electric current, and eo 
causing the magnetic force to cease, the light instantly disap- 
peared; thesR phenomena could be renewed at pleasure, at any 
instant of time, and upon any occasion, showing a perfect 
dependence of cause and etfectw The voltaie current which was 
used upon this occasion was that of five pair of Grove's const ruc- 
tion, and the electro -mag nets were of such power that the poles 
would singly sustain a weight of from twenty- eight to fifty-six 
or more pounds* A person looking for the phenomenon for the 
fii-st time would not be able to see it with a weak magnet. 

The character of the force thus impressed upon the glass is 
til at of rotation; for when the image of the lamp- flame has thus 
l>een rendered visible, revolution of the eye-piece to the right or 
left, more or less, will cause its extinction ; and the further 
motion of the eye-piece to the one side or the other of this pos' 
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tion will pi^iice the reapi>earaiice of the lights and thafc with 
complementary tints^ necordiug as this further inotioQ is t<i the 
right or left hand* 

AVheii the pole nearest to the observer was a marked pole, i.e. 
the same as the iiorth^pointing end of a magnetic needle^ and 
the further pole was unmarked^ the rotation of the raj was 
left-haEded fur the eye-piece had to be turned to the left 
handj or in the opposite direction to the hands of a clock, 
to overtake the ray and restore the image to its first con- 
dition. When the poles were reversed, which was instautly done 
by changing the direction of the electric current, the rotation 
waa changed also and became right-banded, the alteration being 
to an equal degree in extent as before. The direction was always 
the same for the same line of tmi^netic force* 

"When the diamagnetic was placed in the numerous other 
positions, wbieh can easily be conceivetl, about the magnetic 
poles, results were obtained more or less marked in extent^ and 
very definite in character, but of which the phenomena just de- 
scribed may be considered as the chief example. 

The same phenomena were produced in the silicated borate 
of lead (heavy glass) by the action of a goofl ordinary steel horse- 
shoe magnet, no electric current being now used. The results 
were feeble, but still sufficient to sliow the perfect identity of 
actton between electro-magnets and common magnets in this 
their power over light, 

"Two magnetic poles were employed endways, i,e, the cores 
of the electro -magnets were hollow iron cylinders, and the ray 
of polarized lig-ht passed along their axes and through the dia- 
magnetic placetl between tbem : the effect was the same. 

** One magnetic pole only was used, that being one end of a 
powerful cylintler elcetro-majLrnet. When the heavy glass was 
lieyond the magnet, being close to it but between the magnet 
and the polarizing reflector, the rotation was in one direction, 
dependent on the nature of the pole ; when the glass was on the 
near side, being close to it, but between it and the eye, the rota* 
tion for the same pole was in the contrary direction to what it 
was before; and when the magnetic pole was cbanged, both these 
directions were changed with it. W^hen the heavy glass was 

• I have corrected wbat is eviiJentlj an iia^idf ntid error in the direction af 
tiie rotatiou m giTen in Fttrailft3*'i paper. 
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placed ID a oorresponding position to thepolcj but above or below 
it, m that the magntUc curves were no longer passing' through the 
^lass imnilWI to the raj of polarised li^ht, but rather perpend iciikr 
to it J then no effect was produced. These particularities may 
be understood bj reference to fig. 240^ 
where a and ^ represent the first positions 
of the diamagnetic, and c and i;^ the 
latter potiitionSj the course of the rajr 
being marked by the dotted line. If 
also the glass were placed directly at the 
end of the magnet^ then no effect was 
produced on a ray passing in the direc- 
tion here described^ though it is evident^ from what has been 
already said, that a ray passing parallel to the magnetic lines 
through the glass so placed would have been affected by it, 

"Magnetic lines, then, in passing thixiugh silicated borate of 
lead (heavy glass), and a great number of other substanceSj cause 
these bodies to act upon a polarized ray of light when the linea 
are parallel to the ray, or in proportion as they are parallel upon 
it : if they are perpendicular to the ray, they have no action 
upon it " (Faraday calls tlie glass and other substances ** dia- 
magnetics/*) *' They give the diamagnetic the power of rotating 
the ray ; and the Imv of this action on light is, that if a magnetic 
line of force be gmn^ from a sonth-pointing or ''pluin " pole or 
cominff from a north-pointing or marked ^' pole along the path 
of a pohirizcd my eomiug to the observer^ it will rotate that ray 
to the right hand ; or that if such a line of force be coming from 
a south-pointing pole or going from a north -pointing pole, it will 
rutate such a ray to the left hand* 

" If a cork or a cylinder of glass fig. 241 pepresentiiig the dia* 
magnetic be marked at its ends with the letters N and S, to 
represent the direction in wliieh the poles of the 
magnet would point if it was sus|>ended, the line 
joining these letters may be considered as a mag- 
netic line of force ; and further, if a line be traced 
round the cylinder with arrow-heads on it to 
represent direction, as in the figure, such a simple 
model, held up before the eye, w^ill express the whole of tlje law, 
and give every position and consequence of direction resulting 
from it* If a watch be considered as the diamagnetic^ the south- 




Magmtic Rataiion of Poiarized Ligki — Faraday. 213 



poiDting pole of a magnet being imagined against the face, and a 
north -pointing pole against the baek^ then the motii m of the hand 
will indicate the direction of rotation which a my of liglit under- 
goes l>y magnetization/* 

Perhaps the t^i ropiest way to reraember the direction is to note 
that m all diama^Hefic media (he plmt of poltirhation u 
rofafed 11* f^e mme direc//on at (Aal in %chlck a current would 
kam to di tulafe round the ra^ produce ike e^Utm^ ma^- 

Faraduy next " proceeds to the different eirciim stances which 
affect, limitj and define tlie extent and nature of this new power 
of action on light. 

'' In the first phce, the rotation appears to he in proportion to 
the extent of the dia magnetic through which the ray and the 
magnetic lines pa^s. No addition or diminution of the heavy 
glass on the ^Ide of the cours^e of the ray made any diflerenee in 
the effect of that part through which the ray passed, 

**The power of rotating the ray of light increased with the 
tnteneity of the miignetic lines of force j and it appears to be 
directly proportionate to the intensity of the magnetic force* 

Other bodies^ besides the heavy glass, possess the same power 
of becoming^ under the influence of magjnetic force, active on 
light* When the^e IkmHcs possess a rotative power of their own^ 
as 18 the case with oil of turi^entiue, sugar, tartaric acid, tar* 
taniteSv &c., the effect of the magnetic force is to add to, or 
subtract from, their s^xx'ific force, according as the natural rota- 
tion and that induced by the magnetism is right or left handed/' 

Faraday notes that he could not perceive that tins power was 
ultectcd by any degree of motion which he was able to communi- 
cate to the diamagnetie, wliilst jointly subject to the action of 
magnetism and light. 

The electro- be) ices without the iron cores were very feelde 
in power, and indeed hardly sensible in their effect. With th*? 
iron cores they were powerful, though no more electncity was 
passing through the coils than before. This shows, in a very 
simple manner, that the phenomena exhibited by light under 
these cirenmstances is directly connected with the magnetic form 
of foree supplied by the arrangeroenL Anotljcr effect which 
occurred illustrated tlie same point. When the contact at the 
voltaic battery is made, and the current sent round tlie electro- 
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magtiet, tlie iniag^ produced by the rotation of the polarised my 
does not ri^ up to its full lostns immediately, but inereaBes for a 
couple of seconds, gradually aequirin^ its greatest intensity ; on 
breaking the contact, it sinks instantly and disappears apparently 
at once. The gradual rise in brightness is due to the time which 
the iron core of the magnet requires to evolve all that magnetic 
power which the electric current can dtirelope in it; and as the 
magnetism rises in intensity, so does its effect on the light in- 
crease in power ; hence the progressive condition of the rotation," 

Faraday could not ^* find that the heavy glass, when in this 
atate, i,e. with magnetic lines of force passing through itj ex- 
hibits any increased degree, or has any specific magneto* induc- 
tive action of the recognized kind/' IJe " placed it in large 
quantities^ and in different positions, between magnete and mag- 
netic needles, having at the time very delicate means of appre-* 
ciattng any dilFerence between it and air, but could find none/' 

" Using water, alcohol, mercury , and other fluids, contained in 
very large, delicate, thermometer-shaped vessels/' he " could not 
discover that any ditference in volume occurred when the magnetic 
curves passed through them/* 

Faraday observed that many other substnnces besides heavy 
glass exhibited this property of rotating a ray when magnetized, 

Cr)^Eftal8 generally show but small etfect. 

Liquids. 

Faraday found that every liquid which he tried showed the 
effect in a greater or less degree. 

Gases. 

Faraday was unable to detect any effect with gages. 
Bodies having Natuiul Botatiok, 

In the caies where bodies had previouslj a natural rotative 
power in cither direction, the i?uperinduced magnetic rfitation was 
according to the general law, and witliout reference to the pre- 
vious power of the body. 

Action of Electbic Currents ok Light, 
Faraday found, as we should expect, that the action of an 
electric current was tlie same as that of its equivalent magnet, 
or that if any substance having magnetic rotative power were 
placed inside a helix, that a ray of light passing thraugh the 
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bstanee along the helix, would be rotated when the cutrent 
passed; the dirt*ctioti of rotation depending on the direction of the 
current. 

In this en Be the light did not appear gradunlly hut instan- 
tMeoniily, 

Solids were made in the form of long rods with polished ends, 
and placed inside the hell it* 

Liq^uids were contained in glass tnhcs with flat glass ends. 

Law Of AcnoK, 

It was found that, in all the substances which Faraday 
examined, the plane of palarizatton was twisted in the same 
direction as the current in the helix was rotating. 

By substituting for the helix its eqnivalent magnet we shall 
see that this agrees with the direction of rotation caused by a 
niignet, 

Genehal Conclusions, 
The following are Faraday's general conclusions : — 
" Thus 15 established, I thinkj for the first time, a true direct 
relation and dependence between light and the magnetic and 
electrie forces ; and thus a great addition made to the facts and 
considerations which tend to prove that all natural forces arie 
tied together, and have one common origin. It is^ no doubt ^ 
difficult in the present state of our knowledge to express our 
expectation in exact terms* and though I have eaid that another 
of the powers of nature is, in these experiments, directly related 
to the rest J I ought, perliapsf, ratlrer to say that another form of 
the great poller is distinctly and directly related to the other 
forms I or that the gteat power manifested by particular pheno- 
mena in particular forms is here further identified and recognized 
by the direct relation of its form of light to its forms of electricity 
and magnetism. 

The relation existing between joo/^rr/zfi/ light and magnetism 
and electricity is even more interesting than if it had been shown 
to exist with common light onl}'* It cannot hut extend to com- 
mon light; andj as it helongs to light made, in a certain inspect, 
more precise in its character and properties by polarization, it 
collates and connects it with these powers, in that duality of 
character which they possess, and yields an opening, which hefore 
was wanting to us for the appliance of these powers to the inves- 
tigation of the nature of this and other radiant agencies^ 
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" Referring to the conventional distinction before made, it may 
be again stated tbat it is the magnetic lines of force omijf which 
are effectual on the rays of lights and they oui^ (in apjwarance) 
when parallel to the ray of light, or as they tend to parallelism 
with it. ABj in reference to matter not magnetic after the man- 
ner of iron, the phenomena of electric induction and elect rolyza- 
tion show a vast superiority In the energy with which electric 
forces can act as compared to magnetic forces^ so here^ in another 
direction and in the peculiar and correspondent effects which 
belong to magnetic forces, they are shown, in turn, to possesa 
great superiority, and to have their full equivalent of action on 
the same kind of matter. 

"The magnetic forces do not act on the ray of light directly 
and without the intervention of matter, but through the media- 
tion of the substance in which they and the ray have a eimuU 
tancoue existence ; the substances and the forces giving to and 
receiving from each other tlie power of acting on the light. Thifi 
is shown by the non- action of a vacuum or of air or gases ; and it 
is also further sbgwn by the special degree in which different 
matters possess the proper ty. That magnetic force acts upon the 
ray of light always with the same character of manner and in the 
same direction* independent of the different varieties of substance, 
or their states of solid or liquid, or their 6|)ccific rotative force, 
shows that the magnetic force and the light have a direct rela- 
tion ; but that substances are necessary, and that these act in 
different degrees, shows that the magnetism and the light act on 
each other through the intervention of the matter, 

*^ Recognizing or perceiving tmihr only by its powers, and 
knowing nothing of any imaginary nucleus, abstract from the 
idea of these powers, the phenomena described in this paper 
much strengthen my inclination to trust in the views I have on 
a former occasion advanced in reference to its nature.f 

It cannot be doubted that the magnetic forces act upon 
and affect the internal constitution of the diamagnetic just as 
freely in the dark as when a ray of light is passing through it; 
though the phenomena produced by light seem, as yetj to present 

• It hua sine* heen ahowa by Verdet that this is not the eane. Pkni- 
magnetic substiin cea rotate the light in a dirt^ction oppoiiU to diamBgnaic** 
See foh ii.t 22Sp 

t "Eip. Ee<' ToK ii., p. 284^ or PLil. Mag., 1844, vwl, %mv., \k 130, 
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the only nieans of ol>servin|^ this constitution and the change* 
Furthetj any such change as this mmi belong to opaque bodies, 
such a§ wood, etone, and metal ; for as diamagnetics, there is no 
distinction between them and those which are transparent. The 
degree of transparency can at the utmost, in this respect, only 
make a distinction betvveen the individuals of a class, 

*' If the magnetic forces had made these bodieii magnets, wo 
could by light have examined a transparent magnet ; and that 
would have been a great help to oar investigation o£ the forces 
of matter* But it does not make them magnets^* and there- 
fore the molecular condition of these two bodies^ when in the 
state described, must be specifically distinct from that of mag- 
netized iron J or other such mattef, and must be new mnpteiie 
condiiim ; and as the condition is a state of tension (manifested 
by its in&tantaueous return to the normal state when the mag- 
netic induction is removed) ^ so the Jbrct? which the matter in this 
state possesses^ and its mode of action^ must be to us a new mag- 
netic force or mmte of aciim of matter* 

" For it is impossible, I think, to observe and sec the action 
of magnetic forces, rising 111 intensity ujxyn a piece of heavy 
glass or a tube of water, without also perceiving that the latter 
acquire properties which are not only new to the substance, but 
are also in subjection to very definite and precise laws, and are 
equivalent in proportion to the magnetic forces producing them, 
*' Perhaps this state is a state of eiecfnc tertswn ienJtn^ fo a 
currenl ; m in magnets, aecortling to Ampere's theory, the state 
is a state of cHrreuf, When a core of iron is put into a helix, 
everything leads us to believe that currents of electricity are pro- 
duced within it, which rotate or move in a plane perpendicular to 
the axis of the helix. If a diamagnetic be placed in the sjmie 
position, it acquires power to make light mtate in the sameplane^ 
The state it has received is a state of tension, but it has not passed 
on into currents, though the acting force and every other circum- 
stance arc the same as tliose which do produce currents in iron, 
nickel^ cobalt, and &ucli other matters as are fitted to receive them. 
Hence the idea that there exists in diamagnetics, under such 
circumstances, a tendency to currents, is consisteut with all the 
phenomena as yet described^ and is further strengthened hy the 

* It hftB smm b««n shown that it tnnkes them diamagneti* See vo]. li. 
p. 20, ** Tj-ndiill oa Diamiigiit'tic Polnrity.'^ 
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facttiiatj leaving the laadstaue or the eltictric current^ wliich l»y 
inductive action is rentleriiig* a piece of iroDj nickel, or cobalt 
magnetic, perlVutly unchantjedj a niere change of temperature 
will take from these bodies their extra povvei*, and make them 
puss into the common class of diumagnetics/^ 

FuETHEa In^^estiqatioxs* 

The subject was nest studied by Weidemania, who experlmei^ted 
on liquids subjected to the direct action of currents carried id 
helices, 

VeiIDET*S EXPEEIMENTS. 

lu 1852 M< Verdet* commenced to investigate the subject, and 
it ia to him after Faraday that we owe the greater part of our 
know led g'e of it. He first combined quantitative measurements 
with the Mm of powerful magnetic forces. In most of his ex- 
periments he used a large electro-magnet with iron cores^ and, by 
the use of perforated poles, he was enabled to cause a beam of 
light to pass along the line of maximum magnetic foi-ce. Id his 
first investigation the iron cylindei*s forming the cores of hig 
electro -magnet were perforated longitudinally. 

Fig, t\t sIjows the arrangement of M. Verdet*B apparatus. 
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« '*CEuvrea de Verdot" tome L p. 113. Paris: Mnaaon, 18ri, All 
eitVEictii from M. Vetdet'ft \!i'rili»ig» are taken from the edition of hi* 
collected works, published bj bis pupils in 1872-76. It bus b«en corisiJercd 
more convenient to |:ive reference* Ui the csoliected worka ihftn to the joumiib 
in which the papers* wert? originally publiahed. 
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Tlie cylinders A A' bein^ placed with their axes iu the 
same horizoatal liae, a beam of light M N coutd be sent 
through themj and through a piece of glass or other tmuspai'ent 
medium, placed in the small space left between their near ends. 
The exterror ends were connected by a naassive rod of soft iron 
PRSP bentinto the shape of three uidea of a i"ec tangle. 

It being verj importautj as will be seen immediatelj^j that the 
gtaM and tho space tu its immediate neighbourhood should be 
contained in a field of uniform magnetic force, thick iron discs 
F F*, perforated at their eentreSj were placed upon the near ends 
of the iron cores, 

MlASUttEMUKT Of THE iNTEKStTY OF TEE MagN^_*1C FlELD. 

Having secured a field of magnetic force sensibly uniform over 
a coDsiderable spaccj Verde t inserted ia it, side by side, the 
transparent body on which he was about to experiment, and the 
apparatus C which he used for determining the strength of 
the field, 

The theory of this latter was founded on the fact that the 
whole, or integral, current due to the motion of a given wire in 
a magnetic iield (such current being measured by the extreme 
limit of the first swing of the galvanometer needle) depends 
only on the intensity of the magnetic field and the amount of 
the whole motion ; but does not depend on the velocity of the 
motion when that velocity is considerable, 

A little bobbin C (Bg. 24-S) of silk-covered wire was con- 
structed, and fixed so that it could be turned, by means of the 
handle B, through 90^ round axis, FO, at right angles to the 
axis of the bobbin. 

The bobbin was t% millims. external and H mm. internal dia- 
meter — ^15 mm, long. It was fixed on a little copper stand 
between the poles, so tlmt the line round which it could be 
turned was ut right angles to the line joining the poles^ and 
passed midway between them. It could be raised and lowered 
\j means of the handle D, and clamped by the screw 

When the bobbin was turned, its axis moved from the vertical 
to the horizontal position^ and vice verm. While the current 
was flowing in the magnet coils^ and while the optical effecta 
were being observed, an assistant turned the bobbin suddL*nIy 
through 90^, and the swing of the galvanometer needle was 
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observed. Of course a stop was used to limit the motioa of the 
bobbin to exactly 90*^. The swing of the galvanometer needle 
was then an accurate measure of the intensity of the magnetic 




Fig, £43. 



foree to which the transparent medium was being fiubjected. 
It was, however, a measure in purely arbitrary units^ although, 
with the same disposition of the apparatuis, difTereut measure- 
ments were strictly comparable with each other. If M. Verdet had 
removed his magnet^ and caused the bobbin to be turned under 
the inHueoee of the earth's magnetic ibrec, on a day when the 
intensity of the latter was known, he would at once have reduced 
his measurements to absolute units. In his time, however, the 
importance of absohite measurement tvas hardly, if at all, recog- 
nised, and he did not make this observation. 

Verdet experimental on Faraday heavy glass, on common 
flint glassj and on bisulphide of carbon* The dimensions of the 
pieces of heavy glass that he used wei*e — first, a parullelopiped of 
square base 40 millims. long, 13 mm. in the side, polished on its 
two bases, and on two opposite side faces. 

Second, a rectangular parallelopiped 37*2 millims, by £6 mm. 
by lii'5 mm*, polished on all six faces. 
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The flint j»lass was a parallelopiped 43*3 mm. long", 14--5 mm. 
in the side, polished on its two bases and on two of its side faces. 
By sending light either sideways or endways through the pieces, 
it could be made to traverse different lengths of glass. The 
bisulphide of carbon was contained sometimes in one, some- 
times in the other of two tubes with glass ends whose lengths 
were respectively 44 and 31 mm. Some preliminary experi- 
ments showed that the action of the glass plates which formed 
the ends of these tubes was altogether insensible. 

Rotation and Magnetic Strength. 

The law which M. Verdet deduced from his first experiments 
is — 

The illation of the plane of polarization is proportional to the 
strength of the magnetic action — that is, if we divide the amount 
of rotation, observed in any experiment, by the strength of tlie 
magnetic field, as observed at the galvanometer in the same ex- 
periment, we shall find that, for the same substance, colour, and 
disposition of apparatus, the quotient is constant, whatever be 
the strength of the current used. 

The following table is extracted from a great number of 
similar ones, given by M. Verdet, in order that the reader may 
judge for himself to what extent of accuracy the investigation 
has been carried : — 



Experiments op Heavy Glass No. 2.* 
Set III. 

White light. Thiclnicss, 37*2 m. 



F 


R 


Q 


148-25 


6° 65' 15" 


2-80 


116-37 


5° 2S' 


2-82 


107-00 


5° 3<y' 


2-89 


92-87 


26' 


2 84 


89-37 


.i°20' 


2-91 


83-50 


40 4' 20" 


2'9:i 


69 37 


2^ 57' 15" 


2-98 




Mean • • 


. . 2-88 



In these experiments R is double the rotation produced by the 
carrent — that is, it is the difference of the circle readings cor- 
responding to the two directions of the current. F is the strength 
• Verdet, torn, i., p. 137. 

38 
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of the magnetic field as measured by the induction apparatus, 
Q equals - ; that is^ it equals the ratio of the rotation, to the 

magnetic force producing it- We see that the various values of 
Q are almost absolutely constant. Every further refinement in 
ezperimeiitutioa causes the various values of this ratio to agree 
more and more closely with each other. Experiments on homo- 
geneous light give much more accurat-e results than experiments 
on white light, for, as no two colours are equally rotated by the 
game magnet ic force, the rotation of white light simply means 
the rotation of the mean, or of the most prominent colour of 
those which compose it Any small accidental discolouration 
of the medium may considerably alter the mean rotation, by 
altering the colour on which the chief effect \^ observed* 

M* Verdet goes on to say that his law holds, whatever be the 
position of the pol<3s of the magnet^ or their distance from the 
glass. 

Thickness op Medium. 

He ncut experimented on the eSect of the thickness of the 

glass traversed, and finds that, wUk fl/e same magnetic infmsify^ 
fAe rotation h direcll^ proporthnal to the t/iickness of the ^iaa 
traversed the It^kt^ In making the ex)>eri men t it was not 
possible to obtiiin tKe same intensity of magnetic field with two 
different thick ui^sses of glaes; but it is obvious thatj if the a1>ove 
law holdSj the ratio Q of the rotation to the magnetic intensity 
should be proportional to the thickness of the glass. 

In two uf the experiments wbich Verdet gives^ we have. 

First with heavy glass, 

Q = ^ = 2 88 md V9% 

when the thicknesses traversed were respectively 37 aud 
[26 millims» Dividing the above ratios by the correspond iojf 
tliicknesses, we have the quotients O"077 and 0'074* A similur 
calculation from experiments on bisulphide of carbon gives 
quotients 0'056 and 0*055^ In both cases there is as close an 
agreement as could reasonably be expected with the givert 
erperi mental conditions* 

Angle between Directions dp Light and Magnetio Fokce. 
The next point which was investigated was the e fleet of 
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iuclming the li^ht to the direction of magnetic force. The 
apparatus used for this purpose is shown in plan in fi^, 244-, 
The glass and Xicols being fixed so that the light travelled 




in a horizontal line^ the magnet was so arranged that it could 
be turned round a vertical axis, and so cause the line of mag- 
netic force to form a horizontal line making any desired angle 
with the direction of the light. For this purpose a magnet of 
ordinary horse -shoe form was used (shown in plan iu tig. 244), 
the bobbins of which stood vertical, and had poles, H K, K', 
consisting of massive blocks of iron 6xed on their coresv 
Horizontal slits in the iron poles permitted tiie light to pass, 
even when the angle between its direction and tlie axial Hue of 
the magnet was considerable, N is the polarizer, T M the 
analyzer. L and D are divided circles, by which the angle 
between tbe light and the magnetic axis can be measured, D is 
read by the vernier Q F are slides for altering the distance 
between the poles. They move in guides G G' and are clamped 
by ecrewfi U U'» V V are levelling screws. The law deduced 
from experiments with this apparatus is — 

The TQtatwn produeeil with a given iHtemlf^ of maffnetw ^ttd 
is ilmpl^ proportional to ihe cosine (f (he angle between the 
direction of tie light and the directtifn of the linet of magnetic 
fwee. 

That is, it is proportional to the projection, on the line joining 
the poles, of the length of the medium traversed by the light. 
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Combining these three results we arrive at the simple general 
law that — 

For a given medium and colour, the roMim of the plane of 
polarimiio/t iet fwn a^^ two polnh in the path of the ratf in simply 
proportional h iha difference of nm^neiic pof-ential at iAo$e poinU, 

For the difference of potential at two points in a mag-ueti^ed 
substance depends simply and only on three things : 

It is proportional (1) to the intensity of magnetization of the 
Buhstanee ; 

[H] To the cosine of the angle between the direetioa of magne- 
tization and the line joining the two poiute; and 
{*3) To the distance between the two points, 

MAXWEtL'a SUMMAEY. 

Prof. Clerk Maxwell* thua summarizes Faraday's and Verdet's 
results:^ — 

** Art SOB* The angle through which the plane of polarization 
is turned is proportional — 

*^ (1) To the distance which the my travels within the 
medinm : hence the plane of polarization changei continually 
from its position at incidence to its pomtion at emergenccp 

" (2) To the intensity of the resolved part of the magnetic 
force in the direction of the ray. 

" (3) The amount of the rotation depends on the nature of 
the medium. No rotntion has as yet beea observed when the 
medium was air or any other giis.f 

" These three statements are included in the more general one 
— that the angular rotation is numerically equal to the amount by 
which the maf^netic potential increases from the point at which 
the ray enters the medium to that at which it leaves itj multiplied 
by a co-efficient which lor diamagnetic media is generally positive, 

**809. In diamagnetic substances, the direction in which the 
plane of polarization is made to rotate is the same as the direction 
in which a positive current must circulate round the ray in order 
to produce a magnetic force in the same direction as that which 
actually exists in the medium." 

The present writer was for nearly two years engaged^ under Prof* 
ilaxweirs direction, in determining the co-e(Bcient mentioned in 

♦ " Eleetricitjv Art 808, itqI ii, p. 4130. 
t See ruL ii. p. 237. 
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the last line of (Prof. Maxwell's) art. 808 — that is, io "deter- 
mining Verdet'e eou&taot in absolute unit^/' Aa account of the 
experiments will be ^ven later on.* 

Different Media- 

It is found that the amount of rotation which a given magnetic 
force produces on light of a given colour varies with the nature 
of the transparent medium — that 1% that the co-efficient men- 
tioned in the laid; line of Maxwell *ij art, (SOS) has different 
values for di(fei-ent media. As mentioned by Prof* Ma^vvellj it \% 
generally positive for dia magnetic media ; but for many ferro- 
magnetic media it is negative. Verdet, in the memoir com- 
mencing at p. 10?i of vol i. of his works^ has investigated what 
he calls the " Pouvoir rotatoire magn^tique" of a large number of 
substances : that is^ he has found a series of values of the 
co-effieient mentioned in MaxwelPs article (>>0f?)^ all referred to 
the value of the eo-efficient for distilled water, arbitrarily taken 
as unity. Owing to the impossibility of obtaining blocks of 
crystalline substances and salts^ which did not act naturally on 
polarized light, all his experiments on such substances were made 
on solutions of them, chiefly aqueous solutions. He found that — 

Whm a perfectly homo^eueom nmlmm {suck as a liquid) is a 
mtJ'ltire of iwo or more suMames wkiek do not aei chemically 
on eticA other, the mtttiHeiie rotative power 0/ the misture is 
equal io the ahjebraic sum of the magmtie rotative pollers of 
its constituents ; t/ie action qf each bein^ proj>orfional to the 
qua n tity of it present , 

In hie early experiments this law was masked by his not 
rememberiiig the fact that a pound of an aqueous solntion does 
not generally contain a pound of water. If, for instance, a 
pound of salt be dissolved in 100 lbs. of water, a hundred pounds 
of the solution will only contain just over ninety-nine pounds of 
wat^r. Verde t, however, almost immediately saw the neces- 
sity of this correction J and, when he liad applied it, his experi- 
mental results bore out the above law m uloseJy as could be desired. 

Several physicists, notably M. Bertin, endeavoured to establish 
a relation between the magnetic rotative poner of substances and 
their refractive indices ; but at the time of the publication of 
Verdet's works no Buch relation could be said to be established^f 
* Vol, ii. p. 228. 

t A rtlntii^t) wa^ foaud by M. H. Becquenfl ia wm rot ii., p. 233. 
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An iaterestiug iu^tanco of the combined action of two sub* 
stances, whoKe magnetic rotative powers are of opposite srgns, is 
given by the action of an aqueous solution of perchloride of iron. 

Of this Verdet says^ " A very weak aqueous solution of this 
salt has a ma^^netic rotative power feebler than that of water. 
As we concentrate the solution, the rotative power diminishee; 
it reduces to zero, and ends by chang^ing* sign. After the change 
of sign^ it increases up to the maximum of toneentratiou. So a 
solution near that inaidmunij which contains 40 percent, of per- 
chloride, exercises on polai ized l ight an action contrary to that of 
water and six or seven times greater/' 

The following table gives the " magnetic rotative powers" of 
%'arious substanceSj that of distilled water being taken as I '000. 

Llquidt, 
Di stilled w&titr 

Solution of borate of soda 1*000 

chloride of rialciuta * • « . . l*06o 

Ciirbon ate of potash • * . * . 1060 

nitrate of lead lOH* 

chloride of iongo«'3<i a . . . , . 1'127 

sal ammoi)ia<; 1 

protocliloride of tin 1'343 

chloride of ^ino , ^ ^ . . > . l'34l 

sal ammouiac , , . , • . 1 :17t 

cftrboTiate of potash • . . • . 1*087 

cbloride of calcium . . « . > 1*2^ 

pro toch bride of ttD * . * . * V^th 

ebioride of zino . « . * , * 

protoch bride of tiu 21147 

nitrate of ammonia . . « . , 0*90^ 

Chloride of oarbonCCb^ 1*264 

I think it would have been better if M. Verdet had adopk^d 
bisulphide of carbon as his standard in preference to water. 

My own experience of distilled water is that it is a mont 
unsuitable substance for a standard j owing to its very feeble 
rotative power^ and to the impofisibilityj not only of obtaining it 
chemically pure, hut of even obtaining two specimens containing 
the same impurities. Bisulphide of carbon is muck more sii it- 
able for this purpose, as it can easily he obtained nearly pure, 
and, owing tc* its very high rot^itive powefjthe magnetic actions 
of small impurities present in it introduce only a very small per- 
centage of error. 
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Effects of the Colour of Light on the Rotation .pro- 
duced IN A GIVEN Medium bt a given Magnetic Force. 

It was for some time believed that with a given medium and 
magnetic force, the rotations varied inversely as the square 
of the wave-length of the light. I believe this was announced as 
a law by M. Edmond Becquerel. 

Verdet, however, has shown that this law, though approxi- 
mately, is not accurately true. 

The following table * gives the relative values of the rotations 
corresponding to the five Fraunhofer lines, C, D, E, F, G, for 
various substances ; the rotation for the ray E being taken as 
unity. 





c 




E 


F 





Distilled water .... 


0-63 


0-79 


1-00 


1-20 


1-65 


Solution of chloride of calcium . 


0-61 


0-80 


1-00 


119 


154 


Solution of chloride of zinc 


0-CI 


0-78 


100 


119 


1-61 


Solution of protochloride of tin 


»t 


0-78 


1-CO 


1-20 


1-69 


Essence of hitter almonds 


(H51 


078 


1-00 


1-21 




R^sence of anise seed 


0-58 


0-75 


1-00 


l-2o 


w 


Bisulphide of carhon 


0-60 


0-77 


100 


1-22 


165 


Creosote of commerce 


O60 


76 


100 


1-23 


169 1 

1 


Essence of laums cassise . 


0-59 


074 


100 


1-23 




Mean . . . . ' 

1 


0-604 


0-772 


1-00 


1-213 


1-605 



The exact law of the inverse ratio of the square of the wave- 
length would give the rotations 

c D B p o 

0-64 0-80 lUO 108 160 

We see from these figures that the magnetic rotation of the 
plane of polarization of rays of different colours follows approxi- 
mately the law of the inverse ratio of the square of the wave- 
lengths. 

The exact law of the phenomena is always such that the pro- 
• Verdet, T. i., p. 2^)6. 
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dact of the rotation, by the square of the It^ti«^h of the wme^ 
continues to in unease from the red to the blue end of the 
epectnim. 

The subst-anees for whieh this iiieremeiit k most sensible are 
also those which have the greutest dispersive power. 

Several mathematical explanations of this deviatian have l>ee i 
attempted, but I am not aware that any of tlvem agree very 
closely with experiment. 

I will now pass on to some of the details of my determination 
in absohite measuTement of the magnetic rototive power of 
bisulphide of carbon — that is, the co-efficient " mentioned by 
Maxwell in the passage quoted , vol. \Lj page 2 24, 

Yerdet's Constant,* — Plate LF. 

To determine this constant (Maxwellj Art. 80S) it was necessary 
to know, in absolute measure, the difference of magnetic potential 
at the ends of the eolnmn of bisulphide of carl ion whieh 
corresponded to a certain rotation of the plane of polarization of 
a ray of g'iven wave-length. 

For this purpose the bisulphide was enelosed in a tuW with 
glass ends, about tvvo feet long, which was placed horizontally 
inside a helix about one foot long {betongiog to the electro- 
magnet, fig. 15-:i, voL ii. p, 13), and eont^ining 35 lbs, weight of 
insulated copper wire. The tube thus projected at each end. 
Now the difference of magnetic potential due to a given current^ 
at points on the axis of a helix and beyond its eudsj can he 
calculated from the number of windings in the helix. 

But the number of windings on the helix was not known. 
It was therefore determined by the process of comparison given 
in the Appendix to Chapter XXX., vol- ii, p- 6 s it was found 
to be 10£Sa5, 

To determine the strength of the currents used for the optical 
experiments, a small raagnet and mirror was suspended outside 
the helix (which thus became its own gjdvanometerjj and observed 
by a telescope and scale. 

In order to determine the strength of a curi'ent in a helix 
from the deflection of a needle outside, it is necessary to know 
the sum of the areas of the windings of the helix. This was 



* PLil. Tmnft. 1877, Part I., p. 7. 
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dtiterminod by the process givea iii voK 
to be 77453 sq, centims. 

The LiiiflT. 



ii. p. IQj and found 



The ligUt was obtained by throvvin^p a spectrum from a power* 
(ul paruttiti lamp and lar^c bisulpbide of carbon prism upon 
a card. A slit ill the cartl admitted any desired colour into the 
NicoK To localize the lig'ht, the lamp was removed and a spirit 
flame coloured with thallium was substituted. Wlien the green 
line had been adjusted on the slit, the lantern, lens, and prism 
w^ere clamped, and the lamp being replaced, the liglit aiinntted 
had the same wave-length as the thallium ray, for which 

X = {5-349} 10-* centims* 

The light was poIartEed by a NicoPs prism^ rendered parallel 
by a coUimatiu^ lens, and analyzed by a Jellett*s prism, which 
moved in a divided circle, 

Plate LI* is a ground plan of the kbomtory, showing the 
i^ncral arrangetaent of the apparatus. 

The following was the arrangement of 

Thb JKLLtrrr akd Circle, 

The JcUeti pnsm f consiiited of a piece of Iceland spar, of 

3 





which Lire ends were cut normal to the sides (fig. 245). It was then 
divided by a plane, making an angle of about 1^ with the plane 
mntaming the two long diagonals. One half was reversed, and 
the two cemented t^jgether again (fig. Sl40). 

• Waltd' " Index of Spectra." 

t This prism b dest:ribetl by Professor Jelleit la the ** Tmnsiietioni of the 
Roynl imh Academy/' vol. 11 1875, p. 371. Professor Jcll*?lt lind the Icind- 
nesft to advifte the aathor aa ta th« inna of hh iostrumt'nt be&t «uit«d to tbiii 
mvestigiitioti* 
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The prism was mounted in a brass tube^ and a cliaphragm^ vviHi 
fi bole of same 3 or 4 millimB. diameter in it^ through whk-h 
ITolanzed Wght was admittt*dj was placed across one end- On 
looking in from the other end of the prisma the hole was 
seen by the ordinary rays in the form of a circle divided 
by a line across it, the light of the two semicircles bem^ 
polarized in planes making \yith each other an angle of abont 2^, 
The image of the hole formed by the extraordinary rays 
consisted of two semicircles^ one to the nght and the other to the 
left of this circle {fi^, 247). 

A second diaphragm hid the latter, Now when light that has 
passed through a Nicol is examined with this prism, and the 
latter turned so that the light of one 
half of the circle is extinguisfaedj the 
other half is slightly ill o minuted. If 
the Jellett be tnrned through rather less 
than two degrees, the second half of the 
cirele will become dark^ and the first will 
be slightly illnminated. 

It is obvious that there is a position 
between these two where the iUumination 
over the whole circle is nniform, and this 
position can be observed with considerable 
accuracy. 

With the arrangements that were u^cd 
in this research tlie probable error was about I', 

2^ke divided circle was made for this investigation by Mr, 
Browning, and is about 14 centime, diameter. The circle turns 
against two fixed verniers. It is divided on brass to 1^, and tht* 
verniers read to i.e. to 3'. By estimation 1 cnu be read with 
perfect accuracy. It is moved by a screw of long pitch, working 
in a thread cut round its edge. This gives a sufficiently quick 
motion to enable changes in the illumination of any part of the 
lield to be noted, and is yet capable of very delicate adjustment 



Eaetii's Houizontal Mao^btic FoncE. 

The values of tho current deduced from the deflections of a 
magnetic needle only give the ratio of the current to the earth's 
horizontal magnetic forccj at the time and place of obser- 
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vation. In order to know the absolute value, it is necessary to 
know H. 

A continuous record of the variations of H is kept at Kew 
Observatory, To know H at the times and plaee of the optical 
experiments, the values of H at Kew were taken from the Kew 
tables and multiplied by the ratio of the force at Kew to the 
force at the author's laboratory at Pixholme^ Dorking-, To 
determine this ratioj the same magnet was vibrati^d at Kew and 
at Pixholme,* and after a somewhat elaborate series of corrections 
bad been applied j it was found that 



D^Bignatin^ Verdet^s constant by the letter m we bave the 
following formula for m — 

m is the rotation of the polarized ray expressed in circular 
measure l>etween two points in itB path, whose magnetic potentials 
differ by unity ; thus 



where L and M are the ends of the tube and 8 is the observed 
rotation of the plane of polarization expressed in circular measure. 



The following was the final result of the experiments : — 
The mean of the three numbers given below had afterwards to 
he multiplied by numbers depending on the areii, number of wind- 
ings, and length of tube. These numbers, however^ are three 
separate determinations of the ratio which the rotation, Rj of the 
plane of polarization bore to the strength of the current, which 
hitter i» proportional to H multiplied by the tangent of the 
deflection of the needle. 

If the experiments bad been absolutely correct, tliree 
dt* terminations would have been identical : as it i^, we have — 



H at Piiholme = ('993366) H at KtiW, 



Formula, 




• See vol i., p. 174 
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Eiectro'Opiies. 



The actual rotations obtained in llie experiincnts were 

Set. t B* Qroiro'« e«Ufl. 

2 . . - IP 58' 30" . , - 5 

3 , . , 39^ 30" ... 6 
1 . , . la^* 20' 0" . . . 7 

We !mve finally, if be the rotation in bisulphide of carbon of the 
plane of polarization of the ray whose wave-length \s 
X — (5'349) 10-* 

between two points whose magnetic potentials differ by unityj 
m = 3 04763 (10-»). 
The dimeniione f of th^ constant are 
[»J = [M'*L'4 T], 

for it is a number divided hy a current, or, by what is of the same 
dimensions, a dilference of magnetic pott'ntiaL 

This is Yerdet's constant in absolute measure. For light of 
a given wave-length passing through a given substancej it is a 
fixed and definite physical quantity^ depending only on the units 
of lengthy mass, and time.J 

CD, then J is defined to be Verde t's constant for the thallium 
ray iu bisulphide of carbon, expressed in C.G.S* measure, 

I may also here insert the result of a former paper of mine on 
the same subject. It is that for distilled water with white light* 

Q> = {10-»)-§ 

I do not, however, attach much value to the result, as the 
dilTerent determinations are in the ratios of 

7-663, 7'4m, B'29B, S mh 6^918i 

showing variations from the mean of ± 7 per cent»j or giving 
only about ^ of the accumey of the present paper. 

The methods used for determining the constants were also 
susceptible of less aceuracy, 

♦ 2 B is the different'e of tlie nrcle readitigs wlien tlitf cuiretit was reversed, 
and is f of court$e^ double the rotation pixkiuced by it. 
t See vol. iL. p. 180. 

I Tbe niB^etio rotaiiv© power of bS sulphide of airbon here comet in the 
fiiimo wny as the ispecific heat of water comva hi to Joulif'ft equivnlent. 

g By an error in arithmetic this was priated 10"^ in the abatmet of the 
paper published ia the Proc, Eoy. 8oo., Jun^^ l(i76. 



Magnetic Rotative Powers — H. BecquereL 233 



Effect op Tbrrestrul Maoicetism on Light. 
lo the "Comptes Rendus "for 1H78/ M, Henri Becquerel 
poiotM out that from these results we can calculate what 
would be the effect of the earth's magnetistn on lig^ht in certain 
media. 

If a canal one niile long were du^ from north to eouth nt^ar 
Kew, and filled with bisulphide of carbon, a ray of the g^reeii 
polarized light expeiiinented on entering at one end would, by 
the actioti of the earth's magnetism, have it^ plane of polari- 
zation twisted just 50° If the canal bad been full of distilled 
watt?r, ttie twist wouhl have been about 74*^* 

H. Becqveekl's Kxferiments. 

On July 10^ 1876, M. Henri Beequercl presented to the Paris 
Academy of Sciences a paper entitled " Recherches Expiri* 
mentales sur la Polarization Ilotatoire jMagnetiiHie/*t 

The first portion of the paper contains an account of a 
eomparison between the mag-netic rotative powers of different 
iubetances, that of bisulphide of carbon being token as unity* 

M* Becquerers experiments were made on yellow and on red 
ligbt^ according to the colours of the subttanees used; but I think 
we may fairly assume that the ratio between difTei-ent substances 
is approximately the same for all kinds of light. 

On this assumption we can calculate from M« Beeqnerel's table, 
and from my measurement of Verdet*s constant, what the rotation 
in circular measure would be in each subijUince for the thallium 
ray between two points whose magnetic potentials differ by 
unity. See next page. 

RliLATIOX between THE IXDKX OK REFEACnOfT AKO THE 

Magnetic Kotativk Power. 

In the same paper M, Becquerel has shown that for the 
same groups of substances the following relation approximately 
holds: — 

R 

_ — ^ — ^ = eoa«t.^ 

where R is the magnetic rotative power and /a Uie index of 
refraction* 

• li)rivi. p. 1077* 

t ** Ann. de Chem. et de Pliy*., 1877, 5" Scrie," tom, ill 5. 
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Table df Maostetic Rotative Powers. 
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• " Fondu " may meaa either ** moUen ** or cast/ 
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Table of Magnetic Rotative Powers {coniinned). 
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• There is a very large discrepancy here between M. Becquerel's result and 
mj own. I cannot account for it. 
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The constant, howeirer, has very diflerent values for different 
groups of substances. 

Rotation op Different Rays. 

Mp Becquerel has found that for the same substance the 
relation between the magnetic rotation of different rajs is ex- 
pressed very exactly by the form ula — 



E V_ 



— G01t«t» 



where X and ^ are the wavtj lengths and refractive indices for 
the different raye respectively. 

Not^', for bisulphide of carbon we have — 



D . 

Orecn TbalUom 



5-892 . lf>333t 



Hence we have that the rotation of any ray whatever in 
bisulphide of carbon ^ between two points whose magnetic 
potentials differ by unity, will be in circular measure. 

__ (l-6448)'l f 1-6448)' Ij (3-047(i3 y \^^-^) X» 



Rotation in Vapuuh* 

In the PlfUosnpkical Ma^anne for March, 187S), Profi 
A* Kundt and \V* C. Rontgen publish an account of some 
experiments in which they havs succeeded in obtaining u 
magnetic rotation of the plane of polarization of light in the 
saturated vapour of bisulphide of carbon at a tempera tare of 
100*^ C< They first used a column of vapour rather more tlian 
1 metre long, then one of metres. A set of helices, contain- 
ing £400 turns of wire, and a battery of sixty-five Bunsen cells 



• Wutt'fl " Index of S^pectra/' 

t Everett, *' Units iitid PJi)'»ioal Conttiuitfi,*' p. 72. 

^ fiy iDterpolation. 
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were employed. They obtained a distinct rotatian^ whicli they 
estimate at about At tbe time when this j^aper was 

written they had not as y^t succeeded in obtaining any 
effect with air, but had seen a rotation in gaseoui sulphurous 
acid at 100° aud a pressure of twenty atmospheres, and in 
sulphuretted hydrogen gas at a pressure of twenty atmospheres 
and ordinary temperature* 

Rotation m Gases, 

On March 31, 1879^ M. Henri Becquerel* announced that he 
had measured the amount of rotation obtained with Yarious 
gases. The apparatus consisted of a copper tube, three metres 
long, containing the gas and surrounded by six heliecs each half 
a metre h>iig, and each containing about 15 kilos, of copper wire 
three miltimB, in diameter. 

The light of a llme-light was tised, and by means of reflectors it 
was caused to travel nine times along the tube,t so that it 
passed through %1 metres of gas. 

With coal gas and yellow light, a double rotation of + 6 ''8 was 
observal. With the same magnetic force, under the same 
oondllionsp bisulphide of carbon gave a rotation of -i- 513° or 
30j780'. The ratio of the rotation of eoal gas to that of 
bisulphide is about 

+ '00023 

On mnltiplyiug my value of Verdet's constant by this ratio, we 
find that b tit ween two points in coal gas, whose magna tio 
potentials ditfer by unity in C.G,S. measure, the green light of 
thallium would have its plane of polarization twisted 

6 X 10-* 

of a unit of circular measure.^ 

Some experiments on oxygen showed that its ^' magnetic 
rotative power is negativej or opposite to that of bisulphide of 
carbon and of coal gas*. 

• Comptes Rendns/* torn. liriYiti, p, 7()0, 
t S«* vol. iL p. 2»^, fig, 239. 

X The fiilcuktion comes out 6 732 x 10^*, but M. Bt?C(jufrel informs rao 
that be d^es not consider Lis result trustM^orthy to mgre than the 
figure, 

29 
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Rotation ix Gasbs— K0xdt and R5ntob:?^'s ExpERi5tBNTs* 

On Ma J 13, IS 79, a paper Ijy Messrs, KUudt and RontgeD 
was read before the Munich Acudemy/ in wbieh the authors 
announce that they ha?e enceeeded in measuring the magnetic 
rotative powers of various g^ases. 

The gases were examined at a pressure of 250 atraosplieres. 

They were contained in a copper tuba 1"5 metres long, three 
millims. internal and ten millims. external diameter* The glass 
ends of the tulse were kept in position by a steel screw press at 
each end. This arrangement was so successful that when the 
tube was filled with gas at a pressui'e of 250 atmospheres?, 
no appreciable loss occurred even in twelve hours. 

It was found that the pressure so strained the glass ends 
that they heeame doubly refracting. For this reason plates of 
tourmaline were used as the polarizer and analyzer^ and were 
placed in the tube innde its andg. 

One was fixed to the end which was clamped j and the other 
was rotated by turning the whole tnbe with the exception of the 
end to which the analyzing tourmaline was fixed. 

Six large lichees, connected as one, were placed outside the 
tube. 

The current was measured by leading it through a small helix » 
surrounding a 8hort tube containing bisulphide of carboOj and 
observing the rotation* 

The actions of the two helices were compared by removing the 
gas tuba and placing in the large helix a long tube eontaining 
bisulphide of carbon. 

The amount of rotation was measured by a mirror and 
telescope. 

The compression was commenced by means of an ordinary 
pump, and completed by forcing glycerine by means of a 
hydraulic press into a large iron reservoir connected to the gas 
tube. 

As no manometer would accurately measure these high 
pressure!?, they were computt'd ly a comparison of tlie vohmie of 
the tuW with the volume occupied by a known fraction of the 
compressed gas after expansion. 

• UeVier die cIoctro<innj(iiL*tvst hc DrolMtnf* der Paljin/.ationftcl>iMje di^w 
LidUofl in dem GiiHeii/' von Kundt und W, C, Ildiitgen* SiUuag^^UiT, 
zii .MUiidien, 1870, li, " Miith* Phy^,," p, 148, 
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It wa8 foand that the gas was opaque for several hoars after 
being compressed. This was caused by the fact that the gas was 
heated by compression^ heated the sides of the tube^ and caused 
unequal refractions. To hasten the cooling, the tube was 
surrounded by a jacket through which flowed a stream of cold 
water. 

Results. 

It was found that — 

(1) Atmospheric air, oxygen!^ nitrogen, carbonic oxide, carloulc 
acid, coal gas, ethyl, and marsh gas, all turn the plane of 
polarization in the direction of the magnetizing current — that is, 
that their rotation is in the same direction as that of wat^ and 
bisulphide of carbon, 

(2) That the amowU of rotation, under the same circumstawes, 
varies greatly in different gases, 

(3) That in any gas, under similar circumstances, the rotation is 
proportional to the density. 



The following is a general table of the results : — 
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* We nee that this result does not agree with M. Becquerel's. 
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Professor Routfjen, in a letter dated April !^H^ 1880, has sent 
me the results (not yet published) of a further invt^stigntion of 
Uia same Bubje^^t bj himself and Prof* Kiindt* 

The J have compared the action of the gases with the action of 
a tiihe of water of equal length. The water tube was compared 
with bigiulphide of carbon. They found the following numbei^* 
S and ci) have the same meanings as in the above f*able< 





Oxyffen. 


^000127 


Air. 
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*000109 


-000127 


-000132 


D00233 
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3 870x10 * 


3-870 xlO^' 
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Effect of Earth's Magnetism, 

From a comparison of their results with those of mys?;elf and 
(jf M, Btccjuerel, Messrs. Kundt uud Kontgen calculate what 
would be the rotation produced in atmospheric air by the action 
of the earth's magnetism* 

Tliey find that light tni veiling in a north and south direction 
would have to pass through 253 kilometres, or 158 utiles^ to be 
rotated 1^, 

KoTATiON IN Air caused by Earth's Maonbtism — ^BECQUisiisL, 

On Nov, 17, 1879j M. Henri Eeequerel announced to tho 
French Academy • that he had giieeeeded in observing" a rotation 
cansetl by the action of the earth's magnetism on the atmoephere. 

It IB known that the light of the sky is polarized in a plane, 
Kensihly coinciding with one passing throno^h the sun, the 
observer^ and the point of the sky observed, and we will in future 
call this plane the plane of the sun/' 

M. Becquerel first discusses the fact which he has discoveredi 
that tliis coincidence is not exact; he then goes on to show that, 
if no disturbing cause interfered, the piano of polariz^ation and 
the plane of the &uu would coincide when the sun is verticaL 

It is found, however, that there ia a small angle between the 
planes, and this angle is caused by the action of the earth's 
miignetism on the air. 



• "Oompt^B Renduff/' torn, htxiix. p. 838. 
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Tlie following determinations were mode \ — 



Foinlft Looked it. 


Appiiratit iM3iiii,b, 
disurace. 


Obwrrnl 


■imtr. 


Point on the Stjulhern ) 

Point OH tbe Nortbem \ 
horizon » . ) 

Point on Ihc South > 
magnHia meridian j 


SC^ 26' 


(P42' 
0^59' 


± 5' 

+ 12' 
± 16' 



No rotation could be observetl in a region perpendicular to the 
eonipass needle. 

Theohy. 

The explanation of the phenomena of magnetic roLatian of 
polarized light is still exceedingly obscure ; and it is not likely 
that any eompkte explanation can be offered until wc know a 
l^reat deal more of the nature both of magnetism and light thim 
we do at present* Prof. Maxwell • has given a provisional expla- 
nation which is basetl on the following reasoning: — 

We know that two uniform circular vibrations of the s^ame 

™ amplitude^ having the same periodic time^ and in the same plane, 
but revolving in opposite directions, areec|uivalent to a ret?tilinear 
vibration w^hose direction pojsses through the points where two 

^ particles describing the given circular paths in the given manner 

B would paM each other. 

We also know that if we accelerate either vibrationj w© turn 

l^ihe direction of the equivalent rectilinear vibration in the 

■direction of the added motion. f This acceleration may be pro- 

Bduced by a motion of the medium in which the v^ibrations tnke 

Bplace, 

H Such motion, whicb must be r4>tatory, may be either a mution 
of the medium or of sensible portions of it as a whole, or it may 
be motions of the molecules of the medium. 

P • " El<»tridty;* 811, vol. ii, p. 402. 

^ I bavfi Dot glren any ei:planation of the theorj of the oomjioAttioQ ot 
Tihmtioaa, it would be out of pla^^ in a work on Eiectri^nty. There Is an 
very clear explanation of it tii Mr. Spotdi$woode « work on Pobrtuitioti, b«^r« 
mentioned. To tbla the student U referred, as it i» iinposnibk to undontand 
the relations between eleHricity and light without a prevloUM knowledge of 
the ebment&rv phenomena of polarisation. 
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Common experience shows us that there in no motion of sen- 
sible portions of the medinm ; any rotatory motioOi theD| which 
pxists must be rotations of the molecuks on their own ajcca. 
Such motions, though not able to produce an effect on any 
substance perceptible by ordinary methods, may possibly be 
rendered sensible by the delicacy of the mode of investigntioti 
afforded us by the use of polarized light. 

The theory which ascribea magfnetic and other effects to the 
TOtatory motion of the molecules is called *^ the theory of 
molecular vortices/' — For an account of it the reader is 
refen'ed to Maxwell's "Electricity'' (arts. 82^-831), voL 
iL pp, 408*417 — ^tbe theory being far too complex and too 
purely mathematical to be discussed in this work. Hercj how- 
ever, are two quotations from Prof. Maxwell which I may fairly 
introduce : — 

"We have been hitherto obliged to use language which is 
perhaps too suggestive of the ordinary hypothesis of motion in 
the undulatory theory. It is easy, however, to state our result 
in a form free from this hypothesis* 

" Whatever light is, at each point of space there is something 
going on J whether di5;placement, or rotation, or something not 
yet imagined, but which is certainly of the nature of a ' vector ' 
or dii-ected quantity, the direction of which is normal to the 
direction of the ray. This is completely proved by the pheno- 
mena of interference. 

In the case of circulprly-polarized lightj the magnitude of 
this vector remains always the same, but its direction rotates 
round the direction of the ray, so as to complete a revolution in 
the periodic time of the wave, 

^' The uncertainty which exists as to whether this vector is in 
the plane of polarization or perpendicular to it, does not extend 
to our knowledge of the direction in which it rotates in right- 
handed or in left-handed circularly-polarized lig^ht respectively. 
The direction and the angular velocity of this vector are perfectly 
known, though the physical nature of the vector and its aheolnte 
direction at a given instant are uncertain* 

When a ray of circularly-polarised light fulls on a medium 
under the action of magnetic force, its propagation within the 
medium is affected by the relation of the direction of rotation of 
the light to the direction of the magnetic force. From this we 
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concludej by the reasoning of ArL 820 [Maxwell's ' Electricity *] 
that in the medium^ when under the swtion of magnetic force, 
some rotatory motion is goin^j on, the axis of rotation being in 
t be direction of the magnetic forces ; and that the rate of propa- 
«jitloQ of circularly-polarized ligbt| when the direction of its 
vibrutorv rotation and the direction of the magnetic rotation of 
tbe me<liiim are the same, is different iVora the rate of propag^ation 
when these directions are opposite, 

" The only resemblance which we can Irsce between a medium 
through which circularly-polarized light is propagated, and a 
mediunt through which lines of magnetic force pass^ is that in 
both there is a motion of rotation about an axis, But here the 
resemblance stops, for the rotation in the optical phenomenon is 
that of the vector which represents the disturbance. 

This vector is always perpendicular to the direction of the 
ray^ and rotates aljout it a known number of times in a second. 
In the magnetic phenomenon, that which rotates has no pro- 
perties by which its sides can be distinguished, so that we cannot 
determine bow many times it rotates in a second. 

Tliere is nothing, thereforej in the magnetic phenomenon 
which corresponds to the wave-length and the w^ave- propagation 
in the optical phenomenon, A medium in which a constant 
magnetic force is acting is not^ in consequence of that force, 
filled with waves travelling in one direction, as when light is 
propagated through it- The only resemblance between the op- 
tical and the magnetic phenomenon is that> at each point of the 
medium, something exists of the nature of an angular velocity 
about an axis in the direction of the magnetic force/'* 

The second quotation follows a mathematical discussion of the 
theoiry of moJecular vortices, 

" I think we have good evidence for the opinion that some 
phenomenon of rotation is going on in the magnetic field ; that 
this rotation is performed by a great tmmbi^r of very small por* 
tions of matter, each rotating on its own axis, this axis being 
parallel to the direction of the magnetic force, and that the rota- 
tions of these different vortices are made to depend on one another 
by means of some kind of mechanism connecting them* 

The attempt which I have made to imagine a working model 
of this mechanism must be taken for no more than it really ia — 
• " EledTicity;* 821, toI, iL p. 
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a demonstration that mechanism may be imagined capable of 
producing a connection mechanically equivalent to the actual 
connection of the parts of the electro-magnetic field. The 
problem of determining the mechanism required to establish a 
given species of connection between the motions of the parts of 
a system always admits of an infinite number of solutions. 

Of these^ some may be more clumsy or more complex than 
others^ but all must satisfy the conditions of mechanism in gene- 
ral. The following results of the theory, however, are of higher 
value : — - 

" (1) Magnetic force is the effect of the centrifugal force of the 
vortices. 

(2) Electro-magnetic induction of currents is the effect of 
the forces called into play when the velocity of the vortices is 
changing. 

" (3) Electro- motive force arises from the stress on the con- 
necting mechanism. 

" (4) Electric displacement arises from the elastic yielding of 
the connecting mechanism.^' * 

• "Electricity," 831, vol. ii. p. 410, 
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DB. KERR's discoveries. 

riilation between statical electricity and polarized 

Light. 

In the Phil. Mag. for Nov. 1875, Dr. Kerr, of Glasgow, announced 
a very remarkable discovery. 

He finds that when glass and certain other dielectrics are 
subjected to an intense electric strain, they acquire the power of 
double refraction, and hence convert plane into elliptically 
polarized light. 




Fig. 248. 



In his first experiments a piece of thick plate-glass (fig. 248) 
had two holes drilled from its edges parallel to its faces, to within 
I inch of one another. Wires inserted in these were connected to an 
induction coil, and light polarized in a plane at 45^ (fig. 249) to 

a a line of electric ttrmfai. 
b 6^hV direction of optical Tibrataone. 
Ray of light perpendioalar to plane of 
paper. 

Fig. MS. 

the line of the wires passed perpendicularly through the glass, and 
was received in a second Nicol placed so as to extinguish it. 
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When tlie coil is worked^ sparks pass ia the air between the 
ordinary discharging rodS| and the glass is suhjected to n stress 
which increases as the discliarging points are drawn fiirther 
a part p 

As soon as the points are far enough apart for the stress to be 
considerable^ the liglit reappears and cannot be extinguished bjr 
any rotation of the Nieo], 

If the angle between the plane of polarization and the line of 
electric stress differs from 45*^j the effect diminishes and it 
becomes zero when the angle is 0^ or 90^. 

In a second paper,* Dr. Kerr announces that he has succeedt^d 
in obtaining the effect with the following liqoids : — 

Bisulphide of carhon, benzol, parafHUj and kerosene oilsj oil of 
turpentine and olive oih 

Since Dr- Kerr's discovery was first announced, I havCj by the 
Mm of larger apparatus (fig* 250) than that vvhieh then was at 




Dr* Kerr's diijposal, succeeded in so magnifying the effect as to 
enable me to project it on a screen by the electric light, so that it 
was clearly seen by a large audience at the E4>yal Institution on 
Feb, 6, 1B79. 

The images of the points were about \\ inches apartj and u 
patch of white light about S inches across appeared on the screen 
when the coil was worked *t 

• PML Mag., Dt^c. 187o, p. 416. 

t Wlien rehoarBin^ tije eipenmeTit the dajr before the lecture, the electro- 
static fitrefia wn.^ acc-idotitj^lly allowed to become fltrong euough to perforate 
the {^lasa. Immediatelj belbre perforation th^re oeuurred some Tery remark- 
able eHecti. 

First oppeared patdi of orange-brown light aboot 6 or 7 inches diameter 
This at once resolved itself mtoii^^nes of four or five irregular concentric nngm, 
dark and oranj:^e-hrown, the outer one betnjg perhfips 14 inchei dijimeter. 
In about two seconds 113 ore these vaniiihed and wi^ra iueeeeded hy 1 bu^e 
black croitt about B £eet aerOB», seen on & faintly lnmiitDU« ground. The arnit 
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In tlie PhiL Ma^. for August and September^ 1879, Dn 
Kerr describes a later and more extended series or expert men ts 
on the same subject. All the dielectrics were liquidsj and were 
contained io a specially constructed cell ; and the electricity was 
obtained from a common plate machine. Kerr eoiicludes 
hiB papers with the following summary of results : — 

(i) When aa insulating liquid is traversed by electrostatic 
force^ it exerts a purely hirefringent action upon transmitted 
light. In relation to this action^ liquids are di viable into two 
classes J the positive and the negative, 

(£) Positive liquids act as glass extended in adirection parallel 
to the lines of electric force, or as plates of quartz ol* other 
positive unioxals with axes parallel to the lines of force. 
Bisulphide of carbon is the best example* 

** (3) Negative liquids act as glass compressed in a direction 
parallel to the lines of force, or as plates of Iceland Bpar or otlier 
negative uniaxals with axes parallel to the lines of force. Oil of 
colza is one of the best examples* 

" (4) In the following table the positive liquids are arranged as 
nearly as possible in the descending order of electro-optic power, 
the larger and clearer intervals being marked by separating 
lines* The negative liquids are not so arranged ; but colza and 
seal oils are certainly among the strongest, and linseed iss the 
weakest. 



of the crosa were along tlie pUnes of polarizatioD, and therefore (the 
eatperiment being arraag^ ftccovcling to Br, Kerrs dirfclioni} were ftt 45" 
to ibe ]iD« of ftoeas. 

The gbuM tben g&re wajj and all tba phenomena disappeared except tilt 
axtretne endg of th« croM \ and the disehai^e tbrou^h the hoU, where the 
glaea bad been perforated, was alone Heen^ 

The pbenometm was aeeit by Mr. Cot troll, by Mr Yalter (the aecoad 
aaaiatant), and by my i elf. A freah ^s^^ plate WtUi at once drtUedi in hopes of 
repeating the experiment in the Lecture next day, but, owing to sparka apiinj;^ 
ing roQud, we did not succeed in perforating the glass, and therefore saw only 
the famt re torn of Light described bj Dr^ Kerr. 

I bai^e since in ado a great many more experiments, and have destroyed a 
good man J expensire glaases, but in everj caa^ perforation has occurred 
saddenly^ instead of gradnally, and tbHrefore I have never sucoeeded in repro- 
ducing the ettecU. Proc Roy. Soc,, Feb. 13, 1879, Compare Tol, ii. p. 253* 
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Pdd^To Ltqnldi* 
Eiitilphide of earbon. 



CarWn dichlorlde. 

CjmoU 
Benzol. 



PamtKn-oil (Bp. gr, '814. 

SpmO'oii. 

Terebt'iie. 

Brom toluol. 



Fix^d oils of Tegeiabie origtD %- 
Colza, 

Sweet almonds, 
Olive, 

Poppj-ieed, 

Kape-seedf 

Kilt, 

Mufltarcl'iaed, 
Linseedt 
PIkikI oils of animal origin ^ — ■ 
Seal, 
CcmI liver, 
Liird, 
Keatsfaot. 



Valene add? 

" The birefringent actions of theee twenty-six dielectrics have 
been observed repeatedly ; they are perfectly rt^gular, and, to 
sense, perfectly pure. Valeric actd alone is so ihint as to be 
doubtful, 

(5) All the negative liquids yet known belong to the class of 
the fixed oils. Sperm-oil holds an exceptional place^ being 
clearly positive, 

''(6) The influence of density on electro -optic power is marked 
and certain in the case of the paraflSn oils, increase of density 
being accompanied by increase of electro- optic power. 

" (7) In bisulphide of carbon and several other liquids, electro- 
optic measurements are manageable through long ranges of 
potential and optical etfect. 

(8) Stannic chloride exerts a very strong optical action tinder 
electrostatic force ; but the character of the effect is not jet 
certainly known. 

" (9) Of the forty or more liquids yet examined in the plate 
cellj there are none that exhibit any moderate degree of insulating 
power except the twenty-seven now named in (4), (8). This 
appears to justify the generality of the statement made in (1), 

(10) When nitrohenzol is traversed by an intense electric 
current^ it exerts a purely birefringent action on transmitted light. 
The action is similar to that of a positive nniaxal plate with i 
parallel to the line of discharge/^ 
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Prof, EoKTGKK'i^ Experiments, — Plate LII, 

On Dei*emlier 31, 1S79, Prof* W- C. Kont^en of Geissen |*avo 
an account • of a repetition of Dr. Kerr^s oxjTeriments which he 
has made on a lar^ scale* 

Prof Rontg^n used large Nicols, n power Ful lime-light^ and a 
glass cell twelve eentims. high, six wide, and three thickj filled 
with bisulphide of carbon. The electrodes were so arranged that 
the lines of force were vertical. 

Magnificent effects were observed. When the electric machine 
was worked, the light returned so intensely that the eye could 
not bear to look at it. 

These beautiful effects were obtainetl, not only when the planes 
of the crossed Nicols were at 45° to the vertical, but when they 
were parallel and perpendicular to it. 

This at first sight apjx^im not to agree with what Dr. Kerr 
has stated, namely, that there is no restitution when the planer 
are parallel or perpendicular to the lines of farce^ and a maximum 
when they are at 45® to them* 

An esami nation of Plate LIL willj however^show us that this 
discrepancy is only apparent. 

Figs* 1, 3, 5, show the effects obtained with different electrodes 
when the planes of the crossed Nicols were at 45° to the vertical — 
eat ted " Position I." of the Nicols, 

Figs* 4, 6, show the corresponding effects when the planes 
were vertical and horizontal — called " Position II/* of the Nicols. 

Fig. 1- — 'The electrodes consisted of a brass plate at the bottom 
of the cell, connected to earth, and a brass ball one centim* in 
diameter above it, connected to the electrical raachine. 

We see that the greater portion of the field is illuminated, 
tlie middle most brightly. There are, however^ two dark 
'* tails " (Sehwanze) w^hich curve downwards from the sides o f 
the ball 

The directions of these tails pass throiif»^h the centre of the 
ball, and leave its surface at angl^ of db 45° with the vertical, 

When the liquid in the cell ia not quite clean, the dust 
parttclt;s arrange themselves along the lines of force and allow 
the direction of the latter to be seen. The lines of force are 

^ " TJeher dvt von Herm Kcrr gefaadene ntue BezteLung zwitchea Licht 
unci Elektricitat/' six. B*r, d, Oberh, Ges«ll>cli. f. Natur- u. Heilk, p. 1. 
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vertical at the centre of the field; but aB they start from eanh 
portion of the ball nt rig'ht an||les to its surfaeej* aad curve 
round to the plate, they must he in all directions at different 
parts near the edge of the field. 

The dark taiijf ar^ tk^ " Iqcus" ofpolnh where fhefau^eni to the 
lines of force is parallel or perpendicular t4) tke plane of 
polariealion. 

Fig* % is complementary to Hg, L The lines of force and the 
phineofpohirissalion are parallel or perpendicular to each other at 
the centre of the field, and consequently there is a vertical dark line; 
at the sides they are at 45°^ and therefore those regfions are 
brightly illuminated. 

In Dr. Kerr^s experiments a small field only was used, and, 
consequently, when the planes of hia Nicols were vertical and 
horizontal, he saw no light, because he was h)oking at the region 
occupied by the vertical dark band in fig. 2. 

Thus Prof, Rontgen's experiments entirely confirm Dr. Kerr'^ 
discovery, that the electricity exerciser its maximum effect on 
tlie light when the line of force and the plane of polarization 
make an angle of 45*^j and that there is no effect whatever when 
they coincide or are at right angles. 

EkFECT of StRAOED GlA33 COMPENSATOa* 

When glass is so strained as to make it act like a crystal of 
opposite sign to the dielectric, it produces revemed effects, or^ if 
used w^ith the dielectricj it more or less compensates the electro- 
optic effect according to the amount of strain. 

AVhen a piece of glass is inserted in the beam of light pro- 
ducing fig, Ij and is compressed vertically^ the tails gradually go 
together nnd finally join, and form one band simihir to that in 
fig, 2, If the compression is still further continued^ the tail is 
apparently drawn up to the ball, and at last disappears. 

When the glass is compressed horizontally, the reverse 
appearance is prmiuced, the middle of the field heeomes brighter, 
and the sides darker^ and the tails bend outwai*di 

When the Nicols are in Position IL, no effect is produced by 
compressing the compensator in a vertical or horizontal direetion, 

* Fi>r the Burrace of a wnduc^tor \n axi equipotentiul Burface, and th© Hncs 
of force are perpettdlctibr to it. Vol, i, pp, 29, 30, 
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When it is pkeed at an Diigle of ^45^^ it causes tte field to become 
uiis^'mmetricaL 

Figs> 3 and 4. — The lower eleetrude consists of a bull one 
ceniim. diameter, tbe ui>jK*r of a stout brass wire. 

Fig- 8 and 4 represent respectively tbe effects observed with 
the Nicols in Positions I, and IL 

The dark tails in both cases trace out the "locus" of pointa 
where tbe lines of force are parallel and i)erpendicular to the 
planes of poUri station, 

Figpg, 6 and 6 are the corresponding pair of appearances seen 
with electrudes, consisting of stout rectangular brass rods, The 
dark brushes are again the same " locus." 

Various other electrodes were tried with similar restdts. 

The effect was also obtaiDed with cod -liver oil* It acted more 
feebly 1 1 iun bisulphide^ and in the opposite direction, Bisulphid© 
of carljon acted like glass erf en fled along the lines of force, cod- 
liver oil like glass compressed in the same direction. 

Thus the classification of fluids into positive and negatire, 
similar to positive and negative crystals, is completely established. 
Turpentine acted like cod- liver oil. 

ExriiEIMKXTS ON PAItTL4LLY-COND0CTlN0 LIQUIDS. 

The effects were obtained with nitro-benzolj sulphuric ether, 
glycerine, and distilled water, but only when an air*spark was 
int-erposed in one of the wires, and the machine connected to a 
Iieyden jar. 

A flash of light was then seen in the field corresponding to 
each spark. This result is especially interesting as showing that 
there is a momentary state of strain in conductors before it is 
relieved by the yielding of the tnateriah 

Exhausted Tube. 

Prof, Rcintgen tried passing the light across a vacuum tulj© 
whirrh was so highly exhausted that no discharge could pass. 
No effect was observed even when a very strong difference of 
potential was maintained at the terminals. 

Moving Liquid, 

Prof. Rontgen found that he was able to partially imitaU: the 
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optical effects of electric fitram bj driving the fluid in a atrong 
stream tbroug-h the cell, 

DlFFEBEKT DlELECTltlCS. 

Ib comparing different liquids^ Prof, Rontgen found, agree* 
ably to Dn Kerr'e more extended results^ that dielectrics under 
electric strain act on light like uniaxal crystals with tbe line 
of electric strain for axiSj and tbat, like crystals, they vary from 
strong to weak J and from positive to neg-ative.* Bisulphide of 
carbon acts as a positive crystal, 

De. Kerb's Electiio-optio Law. 

In March, 1880,t Dr* Kerr published the results of a series of 
quantitative measurements of tbe electro-optic effect. His 
experiments were all made on bisulphide of carbon, but there 
seems but little doubt that the law cstublished by experiments 
on it is of general and universal application. 

The following' law w^as found to hold with absolute accuracy : — 
The hiimnti^ nf elecfro-ojdic action of a ^hen diehctrla — 4kai 
IS, the qnaiUif^ of optical effect {or the dfffcreuce of rctardathm of 
ike ordinary and exttaoniimr^ rays) per unit of iMcknem of ihs 
dielectric — varies dlrecHy m the square of the resuUmd electric 
force* 

IjJSTRUMENTS — ^TflE Cel!-» 

The cell (fig* ^51) consisted of a bbek of plate glass ten inches 
by six itichcs, built up of three slabs placed vertically, and 
having a joint thickness of exactly 3J-^ inches* 

Fig- %h\ shows an end view of the block* The inner rectangle 
represents a tunnel passing right through it* The ends of the 
tunnel arc closed by panes of thin, clear plate glass. Outside 
the panes are pieces of thick india-rubber clothe and outside the 
cloths are stout mahogany planks, longer than the ends of tiits 
cell, and connected together by stout screw halts at each end» 
There are holes in the j^lanks and cloths, somewhat larger than 
the ends of tbe tunnel, 

• All uniixiil crvBtal^ divide the my of lig^ht JEito two—th© "ordiuary *' 
ftTid extraordinary/' Whichever ray travels filowenfc is tno»t n^fracted. 
Crystals in whicli tlie ordin^arj' ray go«A fz&'^Uijt are ealkd pOi^iti^o ; thofl« in 
which the eitntordiiiary ray gnes fjistest are enlled negative* See Spotti«- 
wcK)d(», " Polarization oflii^ht/' p. 92, 

t Phil Mag., 1880, p. 157. 
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By tigbtening tlie screw boltsi the cell could be perfectly 
ctoeed without the nse of any cement whatever. 




The shaded pieces represent the conductors. The lower one is 
n wide, thick bmes plate resting on the floor of the cell; Uie tipper 
is a narrower plate supported from glass rafters, to which it is 
attached by bullet-headed eerews, Bijth plates are the full 
length of the tuunel, vie. inches. 

The dotted lines in fi^* 251 represent three borings. The 
ootinectiug wires to the upper and lower plates pass respectively 
through the vertical boring, and through the narrow one on the 
right. 

The larger boring on the left is used to fill and empty the eelL 

CanoMATio Effects. 

In the preliminary work with this cell, some very fine 
[ chromatic effects were observed, 

Tlie following is Dr. Kerr's account of them : — 
" Here, as in all tlie following experiments, the cell is charged 
with rather less than a pint of clean bisnlplude of carbon^ No 
other optical pieces are employed at present than the charged cell 
and a couple of Nicors prbms, 

A beam of light from a bright cloud is reflected horizontally 
into the room through an opening in the window- shutter, passes 
through the first Nicol, then perpendicularly through tbe plat^» 
[of liquid, then through the ocular Nicol, The pieces are so 
evelled and directed that the observer at the polariscope looks 
40 
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fairly throit^h the deep slit that separates the two fX)i]ductors iti 
the eelL I may mention again that the dimensions of the sUl 
are about oueMoelfih of an inch, onem^^ and fottr inches — the 
first dimension lying vertically as the lines of force, and tlie la^t 
lyingf horizontally along the line of sightp The two Nicols afe 
fixed, the first with its principal section at 45^ to the vertical, 
and the second at extinction, which is here quite pane. Wires 
are led permanently from the two conductors— from the lower to 
earthy and from the external knob of the upper to the prime 
conductor. To j^ive greater steadiness and distinctness to the 
progress of the optical effect, the wire from prime conductor to 
cell is put in permanent contact with the knob of a Ley den jari 
whose outer coating is uninsulated. 

Wiien the machine is set in motion at a moderate rate, the 
potential of the upper conductor rises slowly, and the black space 
between the two conductors is ill urn inu ted, the light passing 
gradually through impure black, faintly bluish grey, faint white, 
and so forward, up to o sensibly pure and brilliant whit-^;. Thus 
far there is nothing new, except that the highest potential yet 
reached is comparatively low, while the optical effect is verj' 
large, and already far beyond neutralization by the fiction of any 
hand compensator of strained gIa8S, 

As the potential of the prime conductor still rises, the pola- 
riscope gives a fine progression of chromatic effects, whioh 
descend regularly and continuously through a certain rangi^ of 
Newton't* ecale. The luminous band between the conductors 
passes first from white to a bright straw-colour, which deepens 
gradually to a rich yellow, then passes through orange to n 
deep brown, then to a pure and dense rtd, then to purple and 
very deep violet, then to a rich and fuE blue, then to green. All 
the colours are beautifully dense and pure, certainly a*j fine m 
any that I have ever seen in experiments with crystals in the 
polari scope. 

Generally about the jwint last named of the sciile of colonre, 
at or near the green of the second order, the process terminates 
in spark- discharge through the liquid. Sometimes, but not 
frequently in my observations, it terminates at an earlier stage^ 
to run its regular course at the next trial. The irregularity 
appears to be due to an accidental precipitation of discharge by 
the action of solid particles, iai purities in the liquid. 
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" Through this whole range of effect, from the pale blue or 
impure black of the first order to the green of the second order, 
the plate of electrically-charged liquid acts regularly as a aniaxal 
crystal, as a plate of quartz with optic axis parallel to the lines 
of force, the plate increasing in thickness continuously and very 
rapidly as the potential rises/' 

Instruments continued— Electkometer. 

To measure potential, a Thomson long-range electrometer 
was used. 

This is a modification of the absolute electrometer described 
in vol. 5. page 55.* 

The Jamin Compensator.! 
To measure the optical effect, a Jamin compensator was used. 
This consists of- two crystals of quartz (fig. 252), cut into 

N 




Ml 
Fig; 281. 

two prisms, ABC, DCB. The light passes through in the 
direction MN. The axis of one of the crystals is in the plane 
of the paper, that of the other is at right angles to it. 

One of the prisms is fixed in a tube. The other can be 
moved by means of a micrometer screw. 

Black bands are seen in the field of view. By turning the 
screw the retardation is altered, and the black bands move. 

A fine silk thread is stretched across the field of view. 

We adjust one band on the thread, and note on the scale of the 
micrometer what number of divisions it is necessary to move the 
micrometer screw to bring the next band to the thread. 

The difference of retardation corresponding to the difference 
of distance between two bands can be calculated mathematically, 

• See Thomson, " Electro-statics and Magnetism," J 383, p. 306. 
T Jamin, " Cours de Physique," tom. iii. pp. 622, 639. 



256 



Electro-Optics. 



and we can thus calculate the amount of retardation corresponding 
to one scale division. 

The compensator is placed in the path of the ray which has 
passed through the electro-optic cell^ and adjusted so that a 
black band lies on the thread. On the machine being worked^ 
the baud is displaced. 

The compensator screw is then turned till the band returns 
to its original position. The number of scale divisions through 
which it is moved give the retardation caused by the electric 
strain. 

Simultaneous observations of the electrometer and compen- 
sator give the retardation caused by different differences of 
potential. The general arrangement of the apparatus is as 
in fig. 253. 
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Fig. 253. 



B is a mirror which reflects the light into the apparatus, 
M N are the Nicols, P the cell, C the compensator, D a lens, 
and Q the position of the observer's eye. 

Calculation. 

Let V be the difference of potentials as measured by the 
electrometer, D the distance between the plates, R the resultant 
electric force, Q the quantity of optical effect. 

We then know that for a small field, and for portions of it not 
near its edges, 11 is proportional to V and inversely proportional 
to D, and we may write, 

V 



R=: 



But we have stated that 

Q is proportional to K*, 



or 



Q a a 



(1) 



* The sign a means " is proportional to." 
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If the values of Q are calculated by this formula, the agree- 
ment or disagreement of the results with the observed vahies of Q 
will be a test of the accuracy of the law stated on page 253. 

The following results were obtained for different potentials, 
and with different distances between the plates : — 



D measured . 


1 


2 


2 


3 


3 


4 


4 


Y measored . 


60 


90 


120 


90 


120 


120 


150 


Q measured . 


63 


36 


64 


16 


27 


15 


24 


Q calcalated • 


631 


35-5 631 


15-8 


28 


158 


246 



Further comment is superfluous. "Kerr's Electro-optic Law 
is entirely established * 

Dr. Kerr concludes his paper as follows : — 

"In conclusion, I observe that the principal result of the 
experiments, what I have called the Law of Squares, may be 
correctly stated in several very different forms. The quantity 
of optical effect, per unit of thickness of the dielectric, varies 
either — 

" (1) Directly as the square of the resultant electric force, or 
" (2) Directly as the energy of the electric field per unit of 
volume, or 

" (3) Directly as the mutual attraction of the two conductors 
that limit the field, or 

" (4) Directly as the electric tension of the dielectric, a quantity 
that was conceived long ago very clearly by Faraday, and 
introduced afterwards definitely into the Mathematical Theory 
of Electricity by Professor Clerk Maxwell. 

" Faraday's and Clerk Maxwell's views as to the action of the 
dielectric in the transmission of electro-static force, and as to 
the state of molecular constraint that is associated with and 
essential to that action, are very strongly confirmed by the new 
facts of electro-optics. The dioptric action of an electrically- 
charged medium is closely related to the electric stress of the 
medium, the axis of double refraction coinciding in every case 
with the line of electric tension, and the intensity of double 

* Ap experiment is given to show that the effects are unaltered when the 
Mgn oi y is changed and its numerical value remains constant. 
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refraction varying^ certaiDly in bisulphide of carbon and pro- 
bably in all other dielectrics, directly and simply as the intensity 
of the tension/' 

We cannot imagine a more complete proof than Dr. Kerr's 
experiments afford that electric induction is a state of strain^' 
in the dielectric. 
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CHAPTER XLVm. 
DiL Kb&r's Discoveries {continued). 

ROTATION OP TUB PLANE OP POLARIZATION OP LIGHT REFLECTED 
FROM THE POLE OF A MAGNET. 

Dr. Kerr has also made another most remarkable discovery.* 
He finds that — 

When plane-polarized light is reflected regularly from either 
pole of an electro-magnet of iron^ the plane of polarization is 
turned through a sensible angle in a direction contrary to the 
nominal direction of the magnetizing current — so that the true 
south pole [the north-pointing pole] of polished iron, acting as 
a reflector, turns the plane of polarization right-handedly.'' 

The experimental arrangements were as follows : — 

L (fig. 254) is the source of light. 




E the observer's eye. 

A and B the first and second Nicols. 

C a wedge of soft iron. 

The light was reflected from one highly polished pole of a 
horse-shoe magnet. 

The first Nicol is so arranged that the plane of polarization is 
either parallel or perpendicular to the plane of incidence, because 

• Phil. Mag. May. 1877. 
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in any other case tlie light becomes elJiptically polarized by 
reflection* 

It has always heen found necessary to employ, what Dr, Kerr 
calls^ a " sab-ma^ net/' namely, a wedge (C) of soft iron kept by 
slips of wood at a distance of about ^ inch from the iron 
surface^ so that there is just room for the light to pass* Dr* Kerr 
believes that the only action of a sub-magnet is to cause a greater 
concentration of magnetic force on the iron mirror. This point p 
however, requires further investigation. 

In all cxLses of oblique incidence it was found that the effect 
on the polariscope was mixed, being partly due to the magnetie 
force, and partly to metallic reflection. The effect of the latter 
was to convert the plane- polarized lig'bt into light more or less 
elHptically polarized, and which was therefore not extinguishable 
by any rotation of tlie second Nicoh 

To obtain the pure magnetic effect, Dr* Kerr arranged for the 
incidence of the light to be normal to the mirror as shown in 
fig. % 55. The snh-maguet C was perforated and the light was re- 
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fleeted down on to the polished pole F by means of an un silvered 
^^lass mirror M, through which the reflected light passes through 
the i^econd Nicol to K< 

With this arrangfement the rotation due to the magnetic force 
is seen alone, and is quite distinct. The magnet used consisted 
of an iron core, two inches diameter and ten inches long, 
surrounded by about 400 turns of wire. It was worked by six 
small Grove*fl cells. The rotations were very small. 

Nothings however^ could be more conclusive than Dr. Kerr^g 
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papK^r* In it every possible doubt which could be cast upoo the 
reality of the phenomenon seems already answered • 

Enough is not yet known about the laws of the new phenomena 
to enable us to discuss their theory. 

Ekpetitioh of tub ExPBEiME?rrs* 

The present writer has repeated Dr» Kerr^a experimentSj usin^ 
an iron eylinderjS feet 4 incUes long, and %\ inches diameter, oa 
which were placed the two helices belonging to the electro- magnet 
described in vol. ii, page 13. 

The Jellett analyzer (vol. ii, p. 2 £9) was used to measure the 
rotation. 

The following readings of the plane of polarization were 
taken 

01 o / 

271 55 271 30 

271 57 271 27 

271 54 271 2S 

271 §2 271 26 

Mean double rotation « « 26' 45^' 
I have not aa yet been able to get any distinct effect without 
the sub-magnet. Until this can be done, " absolnte " measures 
of tlie amount of rotation due to a given strength of pole will 
not be possible. 

Light Keflbcted from the Side of a Magnet. 

Kerr findsf that the plane of polarization of Itght is also 
rotated wlien the light is reflected from the %ide of a magnet. 

Fig. 256 represents a plan of his apparatus. 

A block of iron, A B, is laid on the poles of a horse-shoe magnet \ 
L is the lamp, P a metal screen with a slit in itj C the point 
where reflection takes place, NN' the Nicols, E the observer's 
eye- 

• The pbenoraenon i* oertaioly not an air-rotation, wKieh until now Has 
escaped notice. Kut only do aU the experiments negative thb liypotbeeaM, 
but in a direct observation wliich I bave made 1 found that a magnet whicU 
will iinpTe«a a double rotation of 7' on light reflected from ita pole, htia no 
eftect whatev^ernpon ligbt paaaed without reflection through pcrfomted poles, 
though if the effect bad been ftn air- rotation, it should have been in this ca*e 
four timea w% mui-h as before, or »ome 28^ 

t Phil. Ma^^. 1878, i., p. ItJl, 
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It is found that the only positions of the Nicols whicli would 
give pure extinction are those where the prmcipal section of 
the first is parallel or perpendicular to the plane of incidence. 
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Dr, Kerr found that^ when the inu^et was excited, rotation 
took plaee in a direction whose relation to that of the magnetizmg 
current depended on the angle and plane of incidence. 

Fint Mjrperimeni, — Plane of polarization of first Nieol parallel 
to plane of incidence* The plane of polarization was rotated in 
the same direction as the magnetizing current. 

By the *^ angle of incidence ' is nieant J angle LCE (fig. £56)* 

" The intensity of the optical effects of magnetization varies 
very noticeably with the angle of incidence. About incidence 
85° the effects are very faint, hut perfectly regular and much 
better than merely sensible; about incidence 75^ they are more 
distinct and very sensibly stronger ; about incidences 60*^ and 
65° they are comparatively clear and strong, a good deal stronger 
than ut 75°; about incidence 45° they are still pretty strong, 
hut very sensibly fainter than at 60*^) about incidence 30° they 
are again very faint, about the same as at 85V 

Second ExperimmU — Plane of polarization of first Nicol per- 
pendicular to the plane of incidence* 

At about incidence 85° the effects were exactly the same as in 
the first experiment; then the effect diminished, and at about 
75° it entirely disappeared ; atter 75*^ it began to re-appear^ but 
the rotation was in the opposite direction; about incidence 60^ 
the effect was comparatively clear and strong, though sensibly 
fainter tbon that obtained in the first experiment at the same 
incidence ] about 30^ it is faint, hut still distinct and clearly 
stronger than the contrary effect obtained at 85°, 

SUMMAEY. 

ThuSj when the plane of polarization is parallel to the plane of 
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incidence^ the rotation is always in the same direction as the 
magnetizing current for all incidences. 

When it is perpendicular, the rotation is in the same direction 
as the magnetizing current for incidences between 85^ and 75^, 
and in the opposite direction for incidences between 75^ and 30^. 

No sub-magnet was used in these experiments. 
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CHAPTER XLIX. 

S£L£lriUM, 

The only other direct action between electricity and light whic 
remains to be mentioned ie the alteration of tlie conducting power 
of seleuium with liglit. Selenium is an exceedingly bad conductor, 
its resistance being about 3.8 x 10^^ times that of copper. 

It is foundj however J that, when exposed to li*fhtj its resistance 
alters. 

Prof. W* G. Adams has found* that ike change in the reskiauee 
of iciefUKm is direc£/j as ike square root uf' i/te Ulmiinaiiu^ 
power. 

On May 18, 1S7G, Prof. W. G. Adams and Mn R. E, Day 
communicated to the Royal Society a paper containing the 
results of a year's experimenting with selenium. The following 
extracts from that paper sum up what is now known on the 
subject : — 

It was observed tbat^ with the same piece of selenium at the 
same temperature, the resistance diminished as the battery 
power was increased* Also it was found that tlie electricul 
resistance of the rod of selenium was different for eurrente 
going through it in different directions. Thus, if two plati* 
tium wires be melted into the seleuium at two points, A and Bj 
and the resistance of the selenium be balanced by the Wheat* 
8tone*s bridge arrangement, the positive pole of the battery 
being connected to the electrode A, then, on revereing the 
current so that the negative pole of the batt'Cry was now 
connected to the electroda A, the numerical ralue of the 
balancing^ resistance required was always found to be different 
from that previously obtained* 

"If the electrical conductivity of selenium followed the 

♦ Prwj. Roj. Soc., vol 1876, p. 113, 
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ofdmary \vlw of metallic conductioOj this would not be the case; 
and hence it seemed probable that a careful investigation of 
Ihefie points would lead to some important results. 

In the experiments recorded in this paper, the objects which 
the authors have had specially in view have been 

" (I) To examine the character of the electrical conductivitj of 
selenium when kept in the dark* 

"(2) To determine whether light could actually genet^te an 
electric current in the selenium. 

Several pieces of selenium were prepared as follows : — 
A small piece varying from \ inch to 1 inch in length was broken 
off a stick of vitreous seleniam. A platinum wire was then 
taken and bent round into a small ring at one end^ and the 
remainder of the wire turned up at right angles to this ring* 
* The rings of two such wires were then heated in the flame of 
a spirit lamp, and pressed into the ends of the lif tie cylinder of 
selenium^ thus forming platinum el*iCtrodcs. The whole was 
then annealed. 

''A few preliminary experiments were made to determine 
whether the change of resistance with change of direction of 
the current had any connection with the position of the selenium 
or the direction of the current with regard to the magnetic 
mentitan. No such connection was found to exist* 

" From the results obtained from a great many experiments 
made to determine the diminution of resistance with increased 
battery powcr^ and the change of resistance with a change of 
the direction of the current, the following conclusions were 
drawn ; — 

(1) Tbatj on the whole^ there is a general diminution of 
lesistance in the selenium as the battery power is increased, 

" (2) The first current through the selenium^ if a strong one, 
causes a permanent 9el of the molecules^ in consequence of which 
the passage of the current through the selenium during the 
remainder of the experiments is more resisted in that direction 
than it is when passing in the opposite direction. 

(3) The passage of the current in any direction produces a 
of the molecules which facilitates the subsequent passage of 
a current in the opposite, but obstrncti it in tlic same direction* 
HencCj when two currents are sent through successively, after a 
very smull interval, in the same direction the resistance observed 
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in the second case even with tbe hi*^lier battel^ power is oflea 
eijual to or greater than it was before, 

" The results of these experiments seem to indicate that the 
conductivity of selenium is electrolytic. A number of experiments 
were undertaken in order to discover wii ether, after the passage 
of an elect vie current throtigrh a piece of selenium, any distinct 
evidence of polarization could be detected* It was then found 
that, after papsin^ tbe current from a voltaic battery Ibr some 
time llivoug-h tlie seleniiimj and after havings disengaged the 
electrodes from the battery, and connected them with a galvano- 
meter, a current, in 8ome eag^ of considerable intensity, in the 
opposite direction to that of the original battery curientj passed 
through the galvanometer. This proved that the passage of tbe 
battery current sets up polarization in the selenium. 

*^All the results hitherto deserihed were obtained with the 
selenium kept in the dark/' 

The authors then tried to discover whether, on exposing the 
selenium to light during the passage of the polarization current, 
any change in the intensity of that current would be produced. 
They found that in several cases there was a distinct change; in 
most instances the action of the light assisted the passage of tbe 
current; but in one case they found that the elfcct of light was 
not only to bring the deflection ot the galvanometer down to 
zero, but also to send it up considerably on the other side. 

" Here there seemed to be a case of ii^M actually pr&duem§ 
an ehdro-motive force witliin the selenium, which in this case 
was opposed to and could overbalance the electro- motive force doe 
to polarisation « 

The question at once presented itself as to whether it would 
be possible to atari a current in (-he 9eltnmm merely the acthm 
of llghL Accordingly, the same piece of selenium was connect^ 
directly with the galvanometer, While unexposed, there was no 
action whatever. On exposing the tube to the light of a candle, 
there was at once a strong deflection of the galvanometer needle. 
On screening off the light, the deflection at once came back 
to ssero* 

'^Tbis experiment was repeated in various ways and with light 
from different sources J the results clearly proving that the action 
if Ughi aiom we can if art and maintain an eltetrical current in 
(he ieienium. 
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" All the pieces of selenium hitherto used had repeaWdly had 
electrical currents passing through thoin, and it therefore 
ieemed desirable to examine the effect of exposure to light on 
pieces of eelenitim which had never before had an electrical 
current sent tli rough them, 

" Accordingly, three pieces were prepared as nearly alike as 
possible, and were annealed* Two of them were found on trial 
to be sensitive to light — that is to suy, light impinging on them 
produced an electrical currents The third pieee^ howeverj showed 
no signs of sensitiveness. Hence it appears that three pieces 
which were made up from the^same stiekj which are of tijc same 
length, and were annealed at the same timej may, owing to some 
slight difference in their molecular condition^ be very different as 
to their relative sensitiveness to the action of light* 

"In the eitperiments by whieh the above results were obtained, 
the piece of selenium under examination had ahvaysbeen exposed 
as a whole to the influence of the light, so that it was not jw^sible 
to tell whether any one part of a piece was more sensitive than 
any other/* 

In order to examine into this point more fully, the authors 

used the lime-light, and then, by means of a lenSj the light was 
brought to a focus on the particular portion of the selenium plate 
which was to l>e tested, A glass cell containing water, and 
having parallel sides» was interposed in the path of the beana^ eo 
as to assist in absorbing any obscure heat-raj e* 

The result of these experiments proved conclusively the 
following points t — 

" (1) That pieces of annealed selenium are in general sensitive 
to light, i.e. that under the action of light a difference of potential 
is developed between the molecules which tinder certain conditions 
can produce an electric current through the substance. 

*' (2) That the sensitiveness is different at different parts of 
the same pieccp 

** (3) That in general the direction of the eurTent is from the 
less towards the more illuminated portion of the selenium, but 
that, owing to accidental differences in molecular arrangement, 
this direction is sometimes reversed. 

The currents produced in the selenium by the action of light 
do not resemble the thermo-electric currents due to heating of 
the junctions between the platinum electrode and the selenium; 
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tar in mmj eases the current produced waa most intense when 
tha light was focuesed on points of the selenium not coinciding 
with the junctions; also the current was produced suddenly on 
exposure; and> on shutting off the lights the needle at once fell 
to 2ero: the gradual action due to gradual cooling was entirely 
wanting* 

When the light fell upon a junction, the current passed from 
the selenium to the platinum through the junctioui which is not 
in Qccordance with the place assigned to selenium in the thermo* 
electric series of metals, 

"Experiments were next undertalceu in order to examine 
wlmt effect would be produced on the strength of a current 
which was passing through a piece of selenium in the dark when 
a beam of light was allowed to fall upon it» 

" The results obtained from these experiments were m 
follows : — ' 

" With pieces of selenium of low resistanccj and with a weak 
current passing through them, — 

" (I) When light falls on the end of the selenium at which 
the current from the positive pole of the battery is entering the 
metal, it opposes the passage of the current. 

" (2) When light falls on the end of the selenium at which 
the current is leaving the metal, it asshfs the passage of the 
current. 

With pieces of selenium of a high resistance it was found that 
in all cases the action of light tended to facilitate the passage of 
the battery current^ whichever was its direction. 

It was also found that in those pieces which appeared so little 
sensitive to light that no independent current wag developed i« 
them by exposui"©, yet, when a current due to an external electro- 
motive force was passing through them, the exposure to light 
facilitated the passage of the current, 

"The results of the experiments described in this paper 
furnish a possible explanation of the character of the actio 
which talkCs place when light fulls upon u piece of selenium whio 
is in a more or less perfect crystalline condition, 

" When a stick of vitreous selenium has been heated to its 
point of softening, if it were possible to cool the whole equally 
and very slowly, then the whole of the molecules throughout its 
mass would he able to take up their natural crystalline position. 
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and the whole would then be in a perfectly crystalline state, 
and would conduct electricity and heat equally well throughout 
its mass. But from the nature of the process it is evident that 
the outer layers will cool the most rapidly, and we shall have, 
in passing from the outside to the centre, a series of strata in a 
more and more perfect crystalline condition. 

Light, as we know in the case of some bodies, tends to 
promote crystallization, and, when it falls on the surface of such 
a stick of selenium, probably tends to promote crystallization in 
the exterior layers, and therefore to produce a flow of energy 
from within outwards, which under certain circumstances appears, 
in the case of selenium, to produce an electric current. 

The crystallization produced in selenium by light may also 
account for the diminution in the resistance of the selenium when 
a current from a battery is passing through it, for, in changing 
to the crystalline state, selenium becomes a better conductor of 
electricity/' 
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CHAPTER L. 

CLERK maxwell's ELKCTEO-MAGNETIC THEORY OF LIGHT. 

Electric induction is a strain of some kind \ and, when electric 
induction passes through space in which there is not any ordinary 
matter, we agree to call the unknown something that fills the 
space and transmits the strain an " ether/* 

Light is a strain of some kind ; and when light passes through 
space where there is not any ordinary matter, we agree to call 
the unknown something that fills the space and transmits the 
strain an '* ether/' 

All men of science are agreed that light consists of vibrations 
of an ether or very thin fluid which fills all space, and probably 
permeates all bodies. 

Prof. Clerk Maxwell's theory is briefly this : — 

Electro 'magnetic induction is propagated through space by strains 
or vibrations of the sanie ether which conveys the light vibrations^ 
or, ifi other words , ^' light itself is an electro -magnetic dis- 
turbance," 

Let us examine the evidence which causes us to believe that 
the luminiferous and the electro-magnetic ethers are one and 
the same. 

The first point of resemblance between the modes of propaga- 
tion of light and of electro-magnetic induction is that in both 
cases it can be shown mathematically that the disturbance is at 
right angles to the direction of propagation. 

It is known that the waves of liglit take place in directions 
at right angles to the ray. 

Prof. Clerk Maxwell has shown that the directions of both the 
magnetic and electric disturbances are also at right angles to the 
line of force.* 

* They are also at right angles to each other. 
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Fig. 257 shows Prof. Maxwell's conception of a line of 
electric force. 

The vertical line is the direction of the force, and the magnetic 
and electric disturbances are at right 
angles to it. 

Another argument in favour of the 
theory is that it gives a real mathema- 
tical reason for the fact that all good 
true conductor are exceedingly opaque. 
All metals^ for instance, conduct, and 
are opaque. The conduction of electri- 
city by transparent liquids takes place 
in a different manner from the conduction 
by metals, and does not affect the deduc- 
tion, which can be shown mathematically 
to be a necessary consequence of the 
theory, namely, that all good true con- 
ductors must be opaque to light.* 
But far more important evidence in favour of the view that 
the ethers are not two, but one, is obtained by com pari ilg the 
velocities with which optical and electro- magnetic disturbances 
are propagated under different circumstances. 

If it can be shown that the velocity of electro-magnetic 
induction is sensibly the same as that of light, not only in air 
and vacuum, but in all transparent bodies, we shall be quite sure 
that there are not two ethers, but one; for it would be unreasonable 
to suppose that the whole of every part of space is filled with 
two ethers which are identical in the only properties which we 
can examine, but which are yet difierent and not the same. 

And, further, if the velocities nearly agree, but not quite, we 
must reserve our judgment ; but we may be allowed to speculate 
on the possibility of the same ether vibrating somewhat 
differently when disturbed by electricity and by light. 

Comparison of Velocities in Air and Vacuum. 

Tlie velocity of light has been measured experimentally in 
many ways. 

• It must, however, bo confessed that gold, silver, and platinum, when 
made into very thin plates, are not nearly so opaque as they should be 
according to the theory. 
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The most recent experiments are those made by Prof. Cornu,* 
in Vil^y who found that in vacuo — 

V = 3*004 X 10^® centims. per second. 
The following are the results of older observations : — 

Fizeau .... 314 x 10" 
Astronomical observations . 3*08 „ 
Foucault .... 2-98 „ 

Mean . . . 3*06 „ 

M. Cornu's experiments are, however, so greatly superior in 
accuracy to any of the older ones that we shall adopt his value, 
namely, 3-004.. 

Now the refractive index of air is 

1000294. 

The velocity of light in air is then : — 

3 004 X lO'o _o.ooq| ^ 
1-000294 ^^^^"^ 

Now the mean value f of the most recent determinations of the 
ratio of electro-static and electro-magnetic units gives us for 
the velocity of electro-magnetic induction in air — 
V = 2-9857 X 10>o 

We may therefore say that the velocities in air of light and of 
electro-magnetic induction are sensibly equal. 

Velocities in other Media. 
The velocity of light in any medium of refractive index fi is — 
velocity in air 

Prof. Clerk Maxwell has proved mathematically that the 
velocity of electro-magnetic induction in any medium is — 

velocity in air 

where K is the specific inductive capacity for electro-static 
induction as defined in vol. i., page 69. 

Now, if the velocity of light is equal to that of electro- 
magnetic induction in all transparent insulators, we should have, 

* " Annales de I'Observatoire de Paris," 1876. " M^moires," torn. xiii. 
p. A,, 
t Vol. ii. p. 202. 
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velocity of light in air velocity of electro-magnetic induction in air. • 

But we have shown that the velocities ia air are equal, and 
henee^ if the other velocities are equal, we must have — 

/*= v^K. 

We must note that Prof. Maxwell shows that among the 
values of we must select that which corresponds to waves of 
infinite wave length.* 

Gordon's Experiments. 



Tlie following table compares the values of /a and ^/K for 
various dielectrics as determined by the present writer (see vol. i , 
p. 118):— 



Dieleotrio. 




fix-- 








Doable extra-dense 












flint glass 


1-778 


1-672 


1-710 


1-757 


3-527, the wave 










length for N in 
ultra violet. 


Extra-dense flint glas» 


1-747 


1-620 


1-650 


1-688 


2-862 


Light flint gla^s 


1-734 


1-555 


1-574 


1-601 




HHrd crown glass 


1763 


1-504 


1-517 


1633 




Paraflin 


1-4119 


14220t 


CI 9 






Sulphur 


1-606 


i2-4 






Bisulphide of carbon . 


1-345 




1-611 






Common plate glass . 


1-801 




1-543 







* To determine the refractive index for waves of infinite length, we proceed 
as follows :— 
We have the general equation 

M = A+J. . . . (1) 

To determine A, a determination of the values of /i for two rays of different 
wave lengths X and X' are necessary and sufficient, for we have 
/iX« = AX» + B 
/i'X'« = AX«+ B 
Subtracting one equation from the other we eliminate B and obtain 

... (2) 

But from (1) when X = oo , /i = A. Hence 

M^- = ^X»~-V^ ... (3) 
—Phil. Trans., 1879. Part I. p. 441. 

t Gladstone and Clerk Maxwell ; Maxwells " Electricity," } 789, vol. ii. 
p. 389. The melting point of my p iraffin was 68^ C, that of Dr. Gladstone's 
was less than 57° C. 
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The value of is given for the rays Hj, D, and for rays of 
infinite wave length. The last column shows for what wave 
length the refractive index would equal the square root of the 
specific inductive capacity. 

GiBsox AND Barclay's Experiments. 

Messrs. Gibson and Barclay found for paraffin (see vol. i., 
p. 86) 

v^K = 1*405 

which does not differ much from the value of given in the 
preceding table. 

Boltzmann's Experiments. 

We can either compare >/K with /a or K with /i\ 
In the comj)arison given by Prof. Boltzmann, the latter plan 
is adopted. 

The following table, comparing the values of K and ft', is 
given by Prof. Boltzmann in his paper quoted in vol. i., page 87. 

I i 

Dielectric. | j M 

I From condenser method.! From attraction method. 



Sulphur 


3-84 

1 


3-90 


i 406 


Paraffin 


1 

232 


1 2-30 -) 
12-31) 


i 

233 




255 i 


2. 18 


2-38 



Crystalline Sulphur. 

In the j)aper quoted in vol. i., page 100, Prof. Boltzmann 
gives the following comparison of K and /u,' along the thi*ee 
axes vi, k of crystalline sulphur. 



Dielectric. 


K 




Sulplnir . . - m 


4;73 
31)70 
3811 


4-51)0 
3-880 
3501 
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ScHiLLE&'s Experiments. 

In the paper quoted in vol. i., page 103, Schiller gives the 
following comparison : — 



Dielectric. 


K 




B J alow method. 


By oscillation 
method. 


Paraffin, slow cooled, white 


2-47 [ 


1-89 
1-81 


V 2-34 
}219» 


Quicklj cooled, nearly transparent 


1-92 




Brown India Rubber 


2-34 


213 


2-25 



SiLOw's Experiments. 

In the paper quoted in vol. i., page 104, Silow finds for oil of 
turpentine — 

V'K = 1-490. ,ix-. = 1-459. 
Boltzmann's Comparison for Gases. 

In the paper quoted in vol. i., page 123, Prof. Boltzmann 
gives the following comparison for gases. 

The refractive index and the specific inductive capacity of 
vacuum are taken as unity. 



Dielectric— Ganes at 0*0. 
and 70U mm. 




A* 


Air .... 


1 000295 


1-000294 


Carbonic acid . 


1-000473 


1000449 


Hydrogen 


1000132 


1-000138 


Carbonic oxide . 


1000345 


1-000340 


Nitrous gas (N.O.) . 


1000497 


1000503 


OleBant gas 


1000656 


1000678 


Marsh gas 


1-000472 


1-000413 



* There is some confusion as to the arrangement of the nnmbers for 
pnrafiin in the table given in Schiller's paper. 
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Genebal Conclusion. 

An examination of the foregoing tAbles shows us that in some 
cases the velocities of light and of electro*magnetic induction are 
very nearly equals but that in other cases there is a very wide 
difference. 

On the whole a sufficiently close agreement has been observed 
to give us fair hope that some day the discrepancies may l^e 
explained and eliminated; and meanwhile the close agreement of 
the velocities of light and electro-magnetic induction in air and 
in gases^ and the numerous direct relations which exist between 
light and electricity leave us but little doubt that they are very 
closely related, and that their effects are but two forms of that 
common energy whose nature is unknown, but which certainly 
underlies all physical phenomena. 
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INDEX. 
A. 

Absolute electrometers, i. 55. 

instruments, i. 48. 

measurement, theory of, i. 47. 

units, i. 48. 

Acceleration, unit of, i. 51. 

C.G.S. unit of, i. 52. 

Adams and Day on effect of light on selenium, ii. 264. 
Adams, Professor W. G., on equi potential lines and surfaces and lines oi 
flow, ii. 31. 

Adsiger, Peter, first observed declination, i. 162. 

Alternate currents, ii. 150. 

Amalgamated zinc, i. 206. 

Anion, ii. 131. 

Anode, ii. 131. 

Arrangement of cells, i. 268. 

Artificial strise, ii. 99. 

Astatic galvanometer, i. 237. 

needle, i. 236. 

Astronomical meridian, determination of, i. 177. 
Attraction of light bodies, i. 3. 

explained, i. 7. 

Attractions and repulsions of electrified bodies, i. 2. 
Aurora coincides with certain magnetic disturbances, i. 197. 
Axial line, ii. 14. 

Ayrton and Perry on contact electricity, ii. 168. 

on electrolytic polarization, ii. 136. 

on specific inductive capacity of gases, i. 130. 

and Perry's balistio galvanometer, i. 240. 

— measurement of the ratio of units, ii. 198. 

B. 

Balance, the induction ; see Induction Balance. 
Balistio galvanometer, i. 240. 

Barclay and Gibson, comparison of fi and v^K, ii. 274. 

on specific inductive capacity, i. 83. 

Barrow's circle arranged for inclination, i. 180. 
— — • arranged for total force, i. 183. 
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Batteries, Mance s method of determining the resisUnce of, i. 267. 

of several cells, i. 221. 

Battery, Sinee's (&c.) ; zee Smee's (&c.) cell. 

voltaic, i. 203. 

theories of, i. 204 

B. A. unit, i. 245, 286. 

Becquerel, H., on effect of terrestrial magnetism on polarized light in air, 
ii. 240. 

on index of refractive and magnetic-rotative power, ii. 233. 

oa magnetic rotative power, ii. 233. 

on rotation of different rays, ii. 236. 

on terrestrial magnetism and light, ii. 233. 

Bell's telephone, i. 279. 

Hergmann on pyro-electricity, ii. 164. 

Bichromate of potash cell, the one-fluid, i. 207. 

^ two-fluid, i. 216. 

Bifilar suspension, i. 42. 

Binding screws, i. 206. 

Bismuth, magnetic strength of, ii. 17. 

Blaserna*8 experiments on induced currents, i. 311. 

Boltzmann, comparison of /x' and K, ii. 274. 

„ „ /i and in gases, ii. 275. 

on specific inductive capacity attraction method, i. 90. 

„ „ „ condenser method, i. 87. 

on specific inductive capacity of gases, i. 123. 

tljeory of his attraction method, i. 135. 

Boroughs on the variation of the compass, i. 162. 
Breaks for induction coil ; see Contact-breakers. 
l>ridge, Wlieatstone's ; see Wheatstone*8 bridge. 
British Association unit of resistance, i. 286. 

Brown, T. A., on variations of the daily mean horizontal magnetic 

forne, i. 197. 
Bunsen's cell, i. 210. 
Byrne's cell, i. 219. 

c. 

Capacity, C.G.S. unit of electrostatic, i. 68. 

electro-magnetic measure of, i. 245. 

electrostatic, i. 67. 

• practical electro-magnetic nnit of, i. 246. 

Carbonic auitl vacua, ii. 68. 
Cathode, ii. 131. 
Cation, ii. 131. 

Cavendish on specific inductive capacity, i. 71. 
Cavendish's electrometer, i. 31. 
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Cavendish's law of electric force, i. 19. 

Cavities in paraffin, correction for in determining specific inductive 

capacity, i. 119. 
Cell, simple voltaic, i. 205. 

Smee's, (&c.) ; see Smee's («fec.) cell. 

Centimetre, i. 49. 

C.G.S. applied to electro-statics, i. 63. 
Changes in earth's magnetism — 

secular ; see Secular Changes. 

periodic (&c.) ; see Periodic (Ac.) Changes. 

secular, in specific inductive capacity of glass, i. 120. 

Charge and potential, i. 30. 

Chemical effects of the electric current, i. 223, ii. 131. 
Chloride of silver cell, De La Rue's, i. 216. 
Christie, inventor of Wheatstone's bridge, i. 247. 
Circle, Barrow's ; see Barrow's Circle, i. 180. 
Fox ; see Fox Circle, i. 184. 

Circular current, action of, on a compass needle at its centre, i. 232. 

Clausius on electrolysis, ii. 132. 

Cleavage planes, effect on polarity of crystals, ii. 27. 

Clock contact-breaker for induction coil, iL 47. 

Closing, induced current of, i. 314. 

extra current of, i. 318. 

Coil, the induction, ii. 42. 

— ■ discharge of, ii. 61. 

Coils, resistance ; see Resistance Coils, i. 262. 

sliding ; see Sliding Coils, i. 267. 

Commutators, plug, i. 226. 

rapid, i. 229. 

roller, i. 227. 

spring, i. 228. 

Comparison of coils, ii. 2. 

of dimensions of units, ii. 188. 

experimental of units, ii. 191. 

of units ; summary, ii. 202. 

of /i and v^Kl ii. 273. 

Compass needle, pull on, i. 166. 
Compensating resistance for shunts, i. 266. 
Compression, effect of on polarity, ii. 28. 
Concentric spheres, capacity of two, i. 68. 
Conclusion, ii. 276. 
Condensers, i. 66. 

Condenser, Gibson and Barclay's sliding, i. 85. 

primary for induction coil, ii. 44. 

secondary „ „ ii. 63. 

Conductors, and insulators, i. 4. 
opaque, ii. 271. 
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Constant batteries, i. 207. 
Constants of a helix, determination of, ii. 6. 
Contact breakers for induction coil, ii. 44. 
Contact electricity, ii. 166. 
Conventional sijsjn for battery, i. 223. 
Comu, velocity of light, ii. 272. 
Coulomb's law of electric force, i. 18. 

torsion balance, i. 33. 

Couple, i. 149. 

Crookes on radiant matter, ii. 112. 

Crystalline sulphur, comparison of ft^ and K in, ii. 274. 

' specific inductive capacity of, i. 100. 

Cummin^ on reversal of thermo-electric current, ii. 161. 
Current and equivalent magnetic shell, i. 304. 

electric, defined, i. 203. 

electro-magnetic, measure of, i. 243. 

electro-static „ „ i. 242. 

in helix, calculation of the strength of, ii. 11. 

practical unit of, i. 245. 

Currents, action of, on magnets, i. 225. 

mutual action of two, i. 276. 

produced on closing and opening the circuit, i. 310. 

D. 

Daniell's cell,i. 210. 

Daily change in magnetic force, i. 196. 

Day and Adams on effect of light on selenium, ii. 234. 

Decennial period in changes of declination, i. 195. 

Declination, i. 161. 

determination of, by unifilar mngnetometcr, i. 176. 

earl}' observations of, i. It 2. 

periodic changes in, i. 195. 

secular changes in, i. 193. 

De La Rue and Miiller on contact electricity, ii. 167. 

on discharge in d life rent gases, ii. 61. 

on striae, ii. 81. 

on "striking distance,*' ii. 62. 

and Spottiswoode on stria?, ii. 69. 

De La Rue's battery, i. 216. 
De Meritens machine, ii. 153. 
Density, C.G.S. unit of, i. 50. 

electric, i. 25. 

Dial-pattern resistance box, i. 256. 
Diamagnetic bodies defined, ii. 14. 

list of, ii. 16. 

Diamagnetism, Faraday's discovery of, ii. 15. 
Diamagnetic liquids, polarity of, ii. 26. 
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Diamagnetic polarity', ii. 17. 
Dielectric, definition of, i. 70. 
DiflTerence of potential (electric), i. 26. 
Differential galvanometer, i. 241. 

interruptor* Blasema'fl, i. 311. 

Dimensions of units, ii. 180. 

Dip or inclination {fee Inolination), i. 161. 

Direction of the rotation of polarized light by magnetism, ii. 212. 

Disc and point, discharge between, ii. 51. 

Discharge of coil with rapid break, ii. 53- 

— — ^ in different gases, De La Rue and Miilier, iL 64. 

duration of, ii. 103. 

of the induction coil, on the, and diBcharge generally, ii. 

nature of, ii. 104 

in rarefied air, ii. 64. 

of secondary batteries, ii. 142. 

Diticharges, unipolar, ii. 105. 
Diurnal inequality, i. 196. 
Djnamo-electric machines, ii. 150. 
Dynamometer, ii. 3. 
Dyne, i. 62. 

E. 

£abth connection, i. 7. 

currents, C. V. Walker on, i. 199. 

Effects of the electric current, i. 223 

Elliott-pattern quadrant electrometer, L 37. 

Electrical machines, i. 8. 

Electric current ; eee Current, Electric. 

^— ^ currents ; rotation of polarized light by, ii. 214, 

force, i. 18, 

light, ii. 156. 

resistance ; nee Resistance, i. 242. 

transmission of power, ii. 155. 

Electricity and heat, relations between, ii. 169. 
Electrified bodies, properties of, i. 1. 
Electrode, iL 131. 
Electro-dynamometer, ii. 3. 

kinetics, i. 203. 

Electrolysis, ii. 131. 
Electrolyte, ii. 131. 
Electrolytic polarization, ii. 136. 
Electro-magnet, i. 275 ; ii. 12. 
■ magnetic engines, ii. 154. 

magnetic induction, i. 276. 

, measurement of, i. 284. 

theory of light, ii. 270. 
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Electro-magnetism ; preliminary notes, i. 275. 
Electrometer, Cavendish's, i. 31. 

Coulomb's torsion balance, i. 33. 

discharging, i. 96. 

Elliott's pattern, i. 37. 

gold leaf, i. 32. 

Lane's, i. 31. 

Thomson's absolute, i. 65. 

„ portable, i. 68. 

„ quadrant, i. 35 

"White's pattern, i. 39. 

Electrometers, i. 31. 

Electromotive forces of various cells, table of, i. 224. 

force, electro- magnetic measure of, i. 244. 

, practical unit of, i. 245. 

, required to produce a spark ; Thomson, ii. 59. 

Electro-optics, ii. 205. 

optic law, Kerr's, ii. 252. 

optic powers of liquids, Kerr, ii. 247. 

Electrophorus, the, i. 12. 
Electroscope, the gold-leaf, i. 5, 32. 
Electrostatics and electro-kinetics, i. 28. 
Equator, the magnetic, i. 1G5. 
Equatorial line, ii. 14. 

Equipotential lines and surfiices and lines of flow ; Adams, ii. 31. 

points, lines, and surfaces, i. 28. 

Ecjuivalent magnet, i. 275. 
Erg, i. 63. 
Ether, the, i. 21. 

Experimental comparison of units, ii. 101. 
Extra current, i. 309. 

of closing, i. 318. 

of opening, i. 319. 

F. 

Fajdiga and Romich on specific inductive capacity, i. 100. 
Farad, i. 21G. 

Faraday on contact electricity, ii. IGO. 

on dianiagnetic polarity, ii. 18. 

on dianiagnetism, ii. 15. 

on niagnetic rotation of polarized light, ii. 206. 

on sj)ecific inductive capacity, i. 81. 

on the voltameter, ii. 135. 

Faraday's nomenclature for electrolysis, ii. 131. 
Ferro-magnetic bodies defined, ii. 14. 
Field, magnetic, i. 148. 
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Force and Potential, relation between, i. 30. 

C. G. S. nnit of, i. 62. 

electric, i. 18. 

physical nature of, i. 19. 

line of (electric), i. 29. 

magnetic terrestial, secular changes in, i. 194. 

horizontal ; see Horizontal Force. 

vertical ; see Vertical Force. 

total magnetic ; see Total Magnetic Force, 1. 183. 

Fox circle for magnetic observations at sea, i. 181. 
Fractions of a unit — Resistance of, i. 256. 
Friction electrical machine, the, i. 8. 



a. 

Galvakometbbs, i. 229. 

Astatic, i. 236. 

Balistic, i. 240. 

Differential, i. 241. 

Marine, i. 240. 

Keflecting, i. 238. 

Tangent, i. 230. 
Galvanometer shunts ; see Shunts. 

Thomson's method of determining the resistance of, i. 265. 

Gases, Ayrton and Pen-y on specific inductive capacity of, i. 130. 

• Boltzmann on specific inductive capacity of, i. 123. 

Gassiott on strise, ii. 67. 

Gaugain on pyro-electricity, ii. 164. 

Gauge for quadrant electrometer, i. 41. 

Gellibrand and Gunter on the Declination, i. 162. 

Gibson and Barclay, comparison of fi and v^K., ii. 274. 

■ on specific inductive capacity, i. 83. 

Gold-leaf electroscope, the, i, 6, 32. 
Gordon, comparison of fi and \/K., ii. 273. 

determination of Verdet s constant, ii. 228. 

■ on discharge in rarefied air, ii. 65. 
high-speed break for induction coil, ii. 49. 

on rotation of polarized light by reflection from the pole of n 

magnet, ii. 261. 

on specific inductive capacity, i. 109. 

Goi-don's static induction balance, i. 110. 

Grades of diminitthed power for quadrant electrometer, i. 44. 

Gramme, i. 50. 

Gramme machine, hand, ii. 151. 
__ steam power, ii. 152. 



Index. 



Gravit}' batteries, i. 213. 
Grove's cell, i. 209. 

battery, on the care of a, i. 222. 

Guard-plate, the, i. 55. 

Guard-ring condenser, Hopkinson's, i. 107. 

GuDter and Gellibrand on the Declination, i. 162. 

H. 

Hand contact-breaker for induction ooil, ii. 47. 

Harris on discharge in rarefied air, ii. 54 

Heat and electricity, relations between, ii. 159. 

Heat produced by radiant matter, ii. 129. 

Heating effects of the electric current, i. 223 ; iL 159. 

Helix, determination of the constants of, ii. 6. 

High-speed break for induction coil, Gordon's, ii. 49. 

Hockin's measurement of the ratio of units, ii. 199. 

Hollow conductor, i. 15. 

Holtz electrical machine, i. 9. 

Hopkinson on specific inductive capacity, L 107. 

Horizontal magnetic force, determination of by unifilar, i. 167* 

Hughes' microphone, i. 280. 

voltaic induction balance, i. 282. 

I. 

Inclination, determination of, by Barrow's circle, i. 180. 

or dip, i. 161 ; discovery of, L 163. 

periodic changes in, i. 195. 

secular changes in, i. 193. 

Index notation, i. 154. 

— — of refraction and magnetic rotative power, ii. 233. 
Induced charge, nature of the, i. 6. 

currents, i. 276, 310. 

__ Blasema on, i. 311. 

Induction balance, Gordon's static, i. 110. 

Hughes' voltaic, i. 282. 

coil, the, ii. 42. 

coil and *' Magneto " machine, ii. 54. 

coil, discharge of, ii. 51. 

electrification by, i. 5. 

electro-magnetic, i. 276. 

measurement of, i. 284. 

magnetic, i. 152. 

plate for quadrant electrometer, i. 44. 

total quantity of electricity produced by, i. 16. 

velocity of electro-magnetic, ii. 191. 

Inductive capacity ; see Specific Inductive Capacity. 
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Infinite wave length, refractive index for Waves of, ii. 273. 

Insoluting power of air, i. 128. 

Insulators and conductors, i. 4. 

Intenaitj, the, of the earth's magnetic force, i. I60. 

of magnetization, i. 153. 

Ion, ii. 131. 

J • 

JAfiLOCHKOFF candle, ii. 158. 
Jamin compensator, ii. 255. 
Jamin's magnets, i. 153. 
Jellett's prism, ii. 229. 

K. 

Kbbb*8 chromatic effects, ii. 253. 
electro-optic law, ii. 252. 

relations between statical electricity and polarized light 

ii.245. 

on rotation of polarized light by reflection from the pole of a 

magnet, ii. 259. 

ditto ditto from the side of a magnet, ii. 261. 

Key, spring contact, i. 228. 
Knochenhauer on discharge in rarefied air, ii. 55. 
Kohlraasch and Weber, measurement of ratio of anits, ii. 193. 
Kiindt and Rbntgen on effect of terresiial magnetism on polarized light in 
air, ii. 240. 

on rotation of polarized light in gases, ii. 238. 

vaponr, ii. 236. 

L. 

Ladd's Holtz machine, i. 12. 
Lane's electrometer, i. 31. 
Latimer Clark's standard cell, i. 220. 
Law of electric force, i. 18. 

Kerr's electro-optic, ii. 252. 

Leclanch^ cell, the, i. 215. 
Length, C.G.S. unit of, i. 49. 
Lenz's law, L 319. 
Leyden jar, the, i. 61. 

and strained beam, analogy between, i. 66. 

voltameter, „ „ ii. 136. 

— superposition of charges in, i. 65. 

Light and terrestrial msgnetism; Becquerel, ii. 233. 
Light, effect of on selenium, ii. 264. 
electric, ii. 156. 

Maxwell's electro-magnetic theory of, ii. 270. 

polarized ; tte Polarized Light 

42 
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Light, Telocity of, compared with that of electi*o-magnetio ind action iu 
air, ii. 271. 

ditto ditto in other media, ii. 272. 

Lightning conductors, i. 23. 
Line tff force (electric), i. 29. 
Lines of flow, ii. 41. 
Lines of magnetic force, i. 160. 
Liquids, diamagnetism of, ii. 15. 

tracing of lines of flow and equipotential surfaces in, ii. 38. 

Lunar diumal inequality, i. 196. 

M. 

MacLeod guage^ ii« 83. 

Magnet deflects radiant matter, ii. 125. 

Magnets, effects of, on vacuum discharge, ii. 66* 

Magne-ciystallic action, ii. 27. 

Magnetic C.G.S. units, i. 154. 

effect of a static charge in motion, Bowland, ii. 201. 

equator, i. 165. 

field, i. 148. 

induction, i. 152. 

meridian, determination of, i. 178. 

moment, i. 149. 

moment, unit of, i. 154. 

potential, i. 151. 

shell and equivalent current, i. .304. 

rotative power ; Becquerel, ii. 233. 

and index of refraction, ii. 233. 

solenoids and shells, i. 156. 

Magnetism ; preliminary experiments, i. 145. 

, terrestrial ; see Terrestrial Magnetism. 

Magnetization, i. 146 

intensity of, i. 153. 

unit of, i. 155. 

Magneto-electric machines, ii. 150. 
" Magneto''-machines and induction coil, ii. 54. 
Magnetometer, the Kew unifilar, i. 166 ; see Unifilar. 
Magnetometers, self-recording, i. 189. 

Mance's method of determining the resistance of a battery, i. 267. 
Marine galvanometer, i. 240. 
Mass, unit of, i. 60. 

Masson on discharge in rarified air, ii. 65. 
Maximum of permanent magnetization, i. 166. 
Maxwell, Clerk, on contact electricity, ii. 166. 

direct comparison of units, ii. 196. 

. on electrolysis, ii. 132. 

electro-magnetic theory of light, ii. 270. 
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Maxwell, Clerk, notation for dimensions of units, ii. 181. 

proof that current is equivalent to magnetic shell, i. 304. 

ratio of units is a velocity, ii. 192. 

summarj of Faraday and Verdet's electro-optic experi- 
ments, ii. 224. 

— — — theory of the magnetic rotation of polarized light, ii . 241. 

on velocity of electro-magnetic induction, ii. 191. 

McEiohan's measurement of the ratio of units, ii. 196. 
Measurement, absolute, theory of, i. 47. 

^— ^ of resistiinces, i. 247. 

Mechanical action of radiant matter, ii. 122. 

illustration of residual charge, i. 63. 

Medium, effects of, on diamagnetio bodies, ii. 29. 

necessary, for the propagation of electric disturbances, i. 20. 

Meridian, astronomical, determination of, i. 177. 

magnetic, „ „ i. 178. 

Metal screens, i. 5. 
Metre, i. 49. 
Microfarad, i. 246. 
Microphone, Hughes', i. 280. 
Miller, W. A., on electrolysis, ii. 133. 
Mirror method applied to electrometers, i. 38. 
Moment of a magnet, i. 149. 
unit of magnetic, i. 164. 

Moon's synodical and tropical revolutions, effect of on magnetic force, 
i. 197. 

Motion of magnet wire and current, effects of, i. 276, 308. 
Moulton and Spottiswuode on sensitive state, ii. 88. 
Miiller and De La Rue on contact electricity, ii. 167. 

■ — on stris, ii. 81. 

on " striking distance," ii. 62. 

, Spottiswoode, and De La Rue on striae, ii. 69. 

Mutual action of two currents, i. 276, 304. 

N. 

Negative and positive electricity, i. 3. 

dark space, Crookes*, ii. 113. 

Niaudet's table of electromotive forces of various cells, i. 224. 
Nodes of vibration in a metallic thread cairying a disi-harge, ii. 1 18. 
Non-relief effects, ii. 95. 

Norman, discovery of the inclination by, i. 163. 

Nowak and Romich on 8pc<.'ific inductive capacity, i. 101. 

o. 

Ohm, the, i. 215 ; ste British Association Unit. 

Ohm's law, i. 242. 

Opacity of condui-tors, ii. 271. 
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Opening, induced current of, i. 316. 
■ extra current of, i. 319. 

Oscillations, electric, Schiller, L 103, 320. 

applicatii*n of, to specific inductive capaoitj, 

i. 322. 

P, 

Paramaonbtic bodies defined, ii. 14. 
Peltier's^phenomenon, ii. 162. 
Periodic changes in earth's magnetism, i. 194. 
Perry and Ayrton ; 9ee Ayrton and Perry. 
Phenomena in very high vacua, Crookes', ii. 112. 
Phosphorogenic action of radiant matter, ii. 114. 
Physical nature of electric force, i. 19. 

r, ii. 200. 

- structure of striie, ii. 103. 
Pile, thermo-electric, ii. 160. 
Plants on the propagation of electricity, ii. 149. 

on secondary batteries, ii. 140. 

Plant^'s rheostatic machine, ii. 145 ; for quantity, ii. 146. 

Platymeter, Gibson and Barclay's, i. 83. 

Poggendorf's cell, i. 219. 

Point and disc, discharge between, ii. 51. 

Vointed conductor, i. 22. 

Polarity diamagnetic, ii. 17. 

of diamagnetic liquids, ii. 26. 

Polarization, electrolytic, ii. 136. 

Polarized light and static electricity — Kerr, ii. 245 ; Rontgen, ii. 249. 

effect of terrestial magnetism on, ii. 240. 

magnetic rotation of, ii. 205. 

rotation of, bj reflection from the pole of a magnet ; 

Kerr, ii. 259 ; Gordon, ii. 261. 

ditto ditto from the side of a magnet; Kerr, ii. 261. 

theory of the magnetic rotation of, ii. 241. 

Poles of a magnet inseparable, i. 147. 
Portable electrometer. Sir Wm. Thomson's, i. 68. 
Portative force, maximum of magnets, i. 153. 
Positive and negative electricit}', i. 3. 
Potential, electric, i. 20. 

and charge, i. 30. 

and force, relation between, i. 30. 

C.G.S., electrostatic unit of, i. 54. 

electro-magnetic me»asure of, i. 241. 

maf^netic, i. 151. 

variation of, and strength of current, i. 306. 

Potentials, to determine by the absolute electrometer, i. 67. 
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Practical units, relations between the, i. 246. 

electro-magnetic units ; Weber, Volt, Ohm, of current, i. 245 ; 

Microfarad, i. 246. 
Propagation of electricity ; Plants, ii. 149. 
Properties of electrified bodies, i. 1. 
Pyro-electricity, ii. 163. 

Q; 

QuADBAKT electrometers, Thomson's, i. 35. 

Quantities of electricity, i. 14. 

Quantity, C.G.S. electro-static unit of, i. 53. 

electro-magnetic measure of, i. 244. 

of electricity produced by induction, i. 16. 

practical unit of, i. 245. 

Radiutt matter, action of a magnet on, ii. 125. 

casts a shadow, ii. 121. 

Crookes', ii. 112. 

mechanical action of, ii. 122. 

proceeds in straight lines, ii. 117. 

produces heat, ii. 129. 

Rapid break for induction coil, Spottiswoode's, ii, 47. 
Rarefied air, discharge in, ii. 54. 
Ratio of units, determination of, ii. 191. 

is a velocity, ii. 192. 

Ratios of two sets of electric units, ii. 188. 
Record by Eew magnetometer, i. 192. 
Reflecting galvanometers, i. 238. 
Relief effecU, ii. 92. 

Replenisher for quadrant electrometer, i. 42. 
Residual charge of the Leyden jar, L 62. 
Resistance of batteries, i. 267. 

box, i. 252. 

dial pattern, i. 256. 

coils, i. 252. 

electric, i. 242. 

electrostatic measure of, i. 243. 

electro-magnetic measure of, i. 244. 

of a galvanometer, i. 265. 

- Mance's method of determining, i. 267, 

practical unit of, i. 245. 

Resistances, specific, i. 259. 

tables of, i. 259, 260. 

Revolving mirror, Spottiswoode's, ii. 75. 
Rheostatic machine, ii. 145. 
■ for quantity, ii. 146. 



290 



Index. 



BOB. — 



Roberts, Chandler, experimenU witli Hiigbea* balance, !. 283. 
Romich and Fajdiga on specific iaduetl^e capncitj, L 100. 

and Nowftk „ „ m i. 101, 

BoiitgeEi and Kiindt on effect of terrefttniLl mn^etlam m polarised llgbt 
iii air, iL £40. 

Edatgen on rektions between atatic electricity and polarised Ugbt, ii. 249. 
Ross, Captain, on tbe Poje circ'let h 1^7* 
Rotation of different raj-s j Becqaerel, iL 236. 
~ Verdet, ii. 227. 

Rotation ofpobiri/.tMi light bj relleetion from tlie pole of a mugnet; Kerr, 
ii, 251^. 

ditto ditto Gordon, ii. 261, 

ditto side of a tna^et ; Kerr^ ii. 261. 

ill gaena ; Becquerel, ii. 237- 

— , ^ . in ^eeH ; Kundt and Ronton, ii, 2S8- 

in vapour; ,^ „ ii. S36* 

Rotation J magnetic of polarized Ughtp ii, 20^5» 

natural „ ii» 206. 

Rowland's meaaurement of the ratio of units, ii. 201* 

on mngtietio efTfct of a static charge in motion, it* 201. 

RubWr, dec tri Beat! on of the, i, 3* 

Ruhemann and VVit^deniiinn oti di^chai^e in rarlfied air, li^ 55* 

B. 

Sab IKE, General, on terrestrial tnag^netiam, i* 194, 
Saturation of a bar with ina>7netism, u 153. 
SebiUer, eompArison of and 3C| iL 27S, 

on electritJ oacillatioufl, i. 103, 320, 

Application to specific inductive cipncltj, i, 322« 
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Sohwftbe, Hofrath, on sunspots and declination, i. 195. 
ScreenB, metal, i. 5, 
Sea, magnetto observatbns at, i. 18 i. 
Seeondarj batteriei, ii. 140. 
— condenser for coil, ii, 63* 
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— — force, i. 194. 
mcli nation, i. 193, 

si>eeific inductive capacity of glaa?, I. 120, 
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Self- recording magnetometers, i, 189, 
Sensitive galvanometcm, i. 235, 
Sensitive atate, tbe, ii. 88, 
Shadow of radiant matter, ii. 121. 
Shells, magnetic, i. 156j 158* 
and equivalent current, i* 304. 
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Shunts, compensating resistance for, i. 265. 

construction of, i. 263. 

theory of, i. 261. 

Siemens armature, ii. 160. 

— unit of resistance, i. 274. 

Silow on specific inductive capacity, i. 104 

comparison of /u and ^ K, ii. 276. 

Sliding bridge, i. 251. 

coils, Thomson and Varley's, i. 257. 

condenser, Gibson and Barclay's, i. 80. 

Smee's cell, i. 207. 
Solenoids, magnetic, i, 156. 
Solid angle, i. 168. 

Space, transmission of electric force through, i. 21. 
Specific inductive capacities, general table, {to face) i. 134. 
capacity, Boltzmann s attraction method, L 90 ; con- 
denser method, i. 87. 

Cavendish, i. 71. 

' definition of, i. 69. 

Faraday, i. 81. 

of gases, i. 123 ; see Grases, specific inductive 

capacity of. 

Gibson and Barclay, i. 83. 

Gordon i 109. 

Hopkinson, i. 107. 

Romich and Fajdiga, i. 100. 

■ Romich and Nowak, i. 101. 

Schiller, i. 103. 

Silow, i. 104. 

Theory of Boltzmann s attraction method, i. 

135. 

Wullner, i. 105. 

Specific resistances, i. 259. 

tables of, i. 259, 260. 

Spottiswoode, De La Rue and Miiller on strisD, ii. 69. 

— and Moulton on the sensitive state, ii. 88. 

on revolving mirror, ii. 75. 

on strise, iL 71. 

Spottiswoode's great coil, ii. 49. 

rapid break for induction coil, ii. 47. 

wheel break for induction coil, ii. 47. 

Squares, law of inverse, i. 18. 
Standard cell, Latimer Clark's, i. 220. 
— — — coils, ii. 1. 

State of the tube during discharge, ii. 110. 
Static electricity and polarized light, Kerr, ii. 245. 
■ liontgen, ii. 249. 
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strain defined, i. 20. 

Strained beam and Lejden jar, analogy between, i. 66. 

and voltameter „ „ ii. 136. 

Stress defined, i. 20. 
Strise, ii. 67. 

Stria, physical structure of, ii. 103. 

Spottiswoode and Moulton on the nature of, ii. 99. 

" Striking distances," De La Rue and Miiller, ii. 62. 
Sun's rotation, effect of, on magnetic force, i. 197. 
Sunspot period agrees with deciiaation period, i. 195. 
Sunspots and magnetic storms, i. 197. 
Superposition of charges in a Leyden jar, i. 65. 
Swinging magnet, to bring to rest, i. 180. 



T. 

Table, Blasema's, of retardation of induced currents produced by 
diflferent substances, i. 315, 316. 

comparing \/K and ft, Gordon, ii. 273. 

ditto ditto for gases, Boltzmann, ii. 276. 

comparing K and ft*— Boltzmann, ii. 274. 

„ „ „ for crystalline sulphur, ii. 274. 

„ „ Schiller, ii. 275. 

of contact differences of potential, Ayrton and Perry, ii. 176, 

177, 178. 

of diamagnetic bodies, Faraday, ii. 16. 

of diamagnetic and paramagnetic metals, Faraday, ii. 17. 

of effect of pressure on spark length in air, Gordon, ii. 60, 61. 

of the electro-motive forces of various cells, i. 224. 

of electro-motive force required to produce a spark — Thomson, 

ii. 69. 

ditto ditto Thomson and De La Rue, ii. 64. 

illustrating Kerr's electro-optic law, ii. 257. 

of magnetic potentials at different points in a helix, ii. 9. 

of magnetic rotations of light in heavy glass, Verdet, ii. 221. 

of magnetic rotative powers, Verdet, ii. 226. 

Becquerel, ii. 234, 236. 

of gases — Kiindt and Rontgen, ii. 

293, 240. 

of metals in thermo-electric scale, ii. 160. 

of order of electro-optic powers of liquids, Kerr, ii. 248. 

of ratios of dimensions of units, ii. 188 

of units, ii. 190, 202. 

of rotations of different rays, Verdet, ii. 227. 

by earth's magnetism, ii. 227. 

by reflection from the pole of a magnet, ii. 261. 
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Table of secalar changes in the declination, i. 193. 

specific inductive capacity of glass, i. 121. 

inclination, i. 194. 

general, of specific indactive capacities, (to face) i. 13-k 

of specific inductive capacities of gases, Ajrton and Perry, 

i. 134. 

Cavendish-— of glass plates, i. 76. 

of other substances, i. 77. 

with cylindrical conden- 
sers, i. 80. 

Boltzmann, i. 90, 98, 99. 

of crystalline sulphur, L 

100. 

of gases, i. 129, 130. 

Faraday, i. 83. 

Gordon, i. 118. 

of ebonite, i. 119. 

of paratiin, i. 120. 

of optical glass, i. 121. 

Hopkinson, i. 109. 

Romich and Fajdiga, i. 101. 

Romich and Nowak, i. 102. 

Schiller, i. 103. 

Silow, i. 104, 106. 

WuUner, i. 106. 



resistances, i. 269, 260. 

• of values of v, ii. 202. 



of vibration, observations, i. 176. 

Tait on electro-motive force of thermo-electric pair, ii. 161. 

Tangent galvanometer, i. 230. 

Tapping a Leyden jar, efi*ect of, i. 63. 

Telephone, Bells, i. 279. 

Temperature, effect of, on Leyden jar, i. 66. 

Terrestrial magnetism, i. 161. 

effect of, on polarized light in air, ii. 240. 

and light, Becquerel, ii. 233. 

modem experimental methods, L 166. 

secular changes in, i. 193. 

Theory of magnetic rotation of polarized light. Maxwell, ii. 2«U. 

, electro-magnetic of light. Maxwell, ii. 270. 

Thermo-electricity, ii. 169. 

electric pile, ii. 160. 

— electric scale, ii. 160. 

Thin wire, attachment of, i. 266. 

Thomson, Sir William's absolute electrometer, i. 66. 

on contact electricity, ii. 166. 

on electro-motive force to produce a spark, ii, 69. 
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Thomson, Sir William, marine galvanometer, i. 240. 

measurement of the ratio of units, ii. 194. 

__ method of determining the resistance of a gal 

nometer i. 265. 

portable electrometer, i. 68. 

quadrant electrometers, i. 35. 

. reflecting galvanometers, i. 238. 

tiay cells, i. 213. 

— — and Varley's sliding coils, i. 257. 

Joseph, on contact electricity, ii. 167. 

Tinfoil, tracing of equipotential lines in, ii. 31. 
Torsion oaiance. Coulomb's, i. 33. 

Total magnetic force, determination of, by Barrow's circle, i. 183. 

Transfer of electrification, i. 4. 

Transmission of electric force through space, i. 21. 

Transmission of power by electricity, ii. 166. 

Tray cell, Thomson's, i. 213. 

Two-fluid cells, i. 208. 

Tyndall on diamagnetic polarity, ii. 20, 21. 

u. 

Unifilab magnetometer, the Kew, i. 166. 

• arranged for deflection, i. 168. 

vibration, i. 170. 

Unipolar discharges, ii. 105. 

Unit of resistance, British Association, i. 286. 

Siemens', i. 274. 

Units, absolute, i. 48. 

C.G.S., theory of, i. 49. 

dimensions of, ii. 180. 

experimental comparison of, ii. 191. 

magnetic, in C.G.S., i. 154. 

V. 

v, experimental measurements of, ii. 191, 

— final value of, ii. 202. 

— physical nature of, ii. 200. 
Vacuum tubes, ii. 64. 
Variation, i. 161. 

of currents, effect, i. 278, 308. 

Varley and Thomson's sliding coils, i. 267. 
Velocity, C.G.S., unit of, i. 61. 

of electro-magnetic induction, ii. 191. 

of potential and strength of current, i. 306. 
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Yelocities of light and electro-magnetic induction compared in air, ii. 
271. 

Ditto ditto in other media, ii. 272. 

Yerdet's constant, ii. 228. 
Yerdet on diamagnetic polarity, ii. 19. 

on magnetic rotation of polarized light, ii. 218. 

Yibrution, determination of the time of, for a magnet, i. 170. 

^ specimen observations of, i. 174. 

Yibrator, contact breaker for induction coil, ii. 44. 
Yolt, the, i. 246. 

Yolta's theory of contact electricity, ii. 166. 
Yoltaic battery, i. 2(>lu 

cell, i. 206. 

^— ^ theories of, i. 204. 
Yoltameter, ii. 1H6. 

w. 

Walkeb, C. Y., on earth currents, i. 199. 

E., on terrestrial magnetism, i. 162. 

Weber, the, i. 246. 

on diamagnetic polarity, ii. 21. 

and Kohlrausch, measurement of ratio of units, ii. 193. 

Wheatstone's bridge, i. 247. 

' lecture model, i. 247. 

sliding bridge, i. 261. 

theory, i. 248. 

Wheel-break for induction coil, ii. 47. 

White's pattern quadrant electrometer, i. 39. 

Wiedemann on magnetic rotation of polarized light, ii. 218. 

and Ruhemann on discharge in rariBed air, ii. 66. 

Work, C.G.S. unit of, i. 63. 

Weill ner on speoiBc inductive capacity, i. 106. 
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